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SUKMAiif 


This  report  describes  an  experimental  investigation  into  the 
matter  of  evaluating  sprays.  Two  particular  aspects  of  the  problem 
have  been  studied s  1)  impact  break-up  of  drops  when  the  spray  is 
sampled  by  means  of  coated  slides,  and  2)  drop  break-up  associated 
with  shock  waves. 

The  first  phase  of  the  work  made  use  of  glass  slides  coated  with 
highly  viscous  silicone  oils  to  sample  Individual  drops.  An  empirical 
equation  has  been  established  which  specifies  critical  Impact  velocities 
fur  water  drops  whose  diameters  lie  in  the  range  350-22 70  microns. 
Extrapolation  to  smaller  drops  gives  plausible  values  of  critical 
velocities • 

The  second  aspect  of  the  problem  was  studied  In  a  shock  tube.  New 
results  have  been  obtained  with  water  and  methyl  alcohol  in  the  100-700 
micron  range  of  drop  diameters.  Apparatus  has  been  developed  which  is 
believed  capable  of  studying  s.iock  break-up  of  considerably  smaller  drops, 
perhaps  down  to  2$  microns  in  diameter. 
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I.  IMPACT  BREAK-UP  -  A  COLLECTION  PROBLEM 


1.  Background  and  Statement  of  Problon 

a.  Qeneral.  In  the  field  of  liquid  spray  analysis  one  of  the 
moat  important  factors  to  be  determined  is  the  drop  size  distribution. 

This  factor  has  been  studied  extensively  both  fro a  the  theoretical  «*id 
experimental  points  of  view.  The  determination  of  drop  size  distribu¬ 
tion  expert mentally  has  been  a  problem  for  many  years,  and  ?  number  of 
ioothods  have  been  devised*  One  of  these  is  the  collection  of  drop3  or. 
slides  or  In  cells  far  subsequent  microscopic  examination.  Many  other 
methods  have  been  used  but  this  one  is  of  particular  interest  in  the 
present  work.  A  resum6  of  slide  sampling  a  nd  various  other  methods 
of  spray  analysis  is  given  in  Reference  1. 

The  collection  method  (on  slides  or  in  cells)  has  been  used  most 
widely  because  of  its  simplicity,  directness,  and  relative  ease  of 
operation.  Some  of  the  problems  involved  are  these:  the  discrimination 
against  small  drops  (i.e.,  the  small  drops  tend  to  follow  the  streamlines 
crcund  the  slide  or  cell);  in  the  case  of  cells,  the  spreading  action  of 
the  airctre&m  on  the  collecting  fluid;  the  tedious  work  involved  in  measur¬ 
ing  the  drops  in  the  samples  obtai  ned;  and  the  secondary  break-up  of  drops 
when  they  strike  the  collecting  surface. 

The  problem  of  discrimination  against  small  drops  can  be  overcome 
to  a  certain  extent  by  reducing  the  width  of  the  slide  or  cell,  although 
complete  collection  occurs  only  when  the  slide  or  cell  approaches  the 
size  of  the  drop.  By  shielaing  the  slide  or  cell  with  a  shutter,  the 
action  of  the  alratrr am  on  the  surface  of  the  collecting  fluid  can  be 
minimized.  Yet  here  again  the  presence  of  the  shutter  will  disturb  the 
flow  ahead  of  the  slide.  Satisfactory  sampling  results  when  measurements 
are  limited  to  those  drops  lying  close  to  the  stagnation  point. 

The  work  involved  in  measuring  the  size  of  drops  can  be  reduced 
by  photographing  the  samples  and  then  usinp  a  semi-automatic  scanning 
device,  such  us  described  by  Rupe  (ref.  2),  for  counting  drops  in  each 
size  grout*.  If  the  bottom  of  the  cell  is  coated  with  a  suitable  non¬ 
vetting  agent,  the  drops  will  maintain  their  spherical  shape  when  they 
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come  to  rest  on  tho  bottom  of  the  cell.  Dy  the  proper  choice  of  immersion 
fluid  the  solubility  of  the  'drops  can  be  ignored  within  the  time  required 
to  make  a  microphotographic  exposure. 

Awareness  of  the  problem  of  secondary  break-up  seems  to  be  compara¬ 
tively  recent.  Golitzine  (ref.  3)  recognized  it  and,  by  sampling  the  tamo 
spray  at  various  speeds,  decided  that  the  velocities  in  wnich  he  w^s  inter¬ 
ested  were  too  lew  for  the  drops  to  break  upon  impact  vd  th  oil-coated  slides. 
Most  other  investigators  do  not  appear  to  have  been  concerned  with  impact 
break-up.  This  attitude  may  be  partially  justified  by  the  circumstance 
that  sampling  was  usually  carried  out  at  rather  low  velocities.  Rupe 
(ref.  2)  considered  the  problem  in  choosing  the  viscosity  of  the  collect¬ 
ing  fluid,  and  later  made  a  detailed  study  of  impact  break-up  in  liquids 
of  viscosity. 

b*  Importance  of  Determining  Critical  /elocities  of  Single  Drops. 

In  the  collection  method  of  sanpling  sprays,  care  must  be  taken  so  that 
no  secondary  break-up  occurs  when  the  drops  strike  the  collector.  This 
br  >.?k-up  would  be  expected  to  depend  mainly  on  the  size  of  the  drop, 
the  velocity  of  impact,  and  the  properties  of  the  collector.  Since  a 
spray  consists  of  many  drops  traveling  at  different  velocities,  it  would 
be  impossible  to  obtain  any  definite  relationship  between  drop  diameter 
and  critical  Impact  velocity  by  sampling  a  spray.  A  logical  alternative, 
therefore,  is  to  produce  single  drops  and  determine  their  critical 
velocities.  The  information  so  obtained  can  then  be  applied  to  the 
problem  of  determining  the  conditions  for  reliably  sampling  sprays. 

c.  Earlier  Work  on  Critical  Impact  Velocity.  Sahay  (ref.  U) 
and  Singh  (ref.  5)  observed  the  critical  heights  through  which  water  drops 
of  different  sizes  must  fall  in  order  to  rupture  when  they  strike  oils  of 
various  viscosities.  They  noted  that  the  critical  height  (velocity)  of 
a  given  size  drop  decreased  with  increasing  viscosity,  reached  a  mi ni mum 
at  a  viscosity  of  about  0.02  poise,  and  then  increased  in  an  approximately 
linear  manner,  as  shown  in  Fig.  1,  It  is  interesting  to  note  that  a 
minimum  point  is  reached  in  the  vicinity  of  the  viscosity  of  water. 
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Sahay  also  plotted  the  critical  height  (velocity)  vs.  the  reciprocal 
wee  of  the  drop  (Fig*  2)  for  collecting  fluids  of  different  viscosities, 
end  found  that  as  the  ease  increased  the  critical  height  decreased 
linearly.  The  viscosities  of  the  liquids  used  are  given  in  Table  1  below. 


Liquid  No, 
1 
2 
3 
U 
$ 

6 

7 


Table  1 

Viscosity 
,19it2  poise 
.1738 
.0562 
.032U 
.0182 
.0105 
.0082 


Rupe  (ref.  6)  seems  first  to  have  realized  that  impact  break-up 
could  be  a  source  of  considerable  error  in  the  determination  of  drop 
size  distribution.  Rupe's  interest  was  in  drops  smaller  than  roughly 
1000  microns,  whereas  the  smallest  drop  studied  by  Sahay  and  Singh  was 
2750  microns  in  diameter.  In  addition  the  impact  velocities  in  Rupe ' s 
work  were  much  higher.  Because  of  the  lack  of  pertinent  information  he 
performed  a  series  of  experiments  with  drops  whose  diameters  ranged 
between  100  and  500  microns.  He  found  that  with  kerosene  as  the  collect¬ 
ing  fluid  the  relationship  between  the  critical  velocity  and  the  drop 
diameter  is  linear  when  plotted  on  log-log  paper  as  in  Fig.  3.  The 
equation  of  this  line  is 


“  t 


where  is  the  critical  velocity  in  raeters/sec.,  d  the  diameter  of  the 
drop  in  microns,  and  C  a  constant  equal  to  1725. 

d»  Goal  cf  Present  Investigation.  As  the  data  obtained  by  Sahay, 
Singh,  and  Rupe  indicate  that  the  critical  impact  velocity  even  for  small 
drops  is  comparatively  low,  a  means  of  increasing  this  critical  velocity 
must  be  obtained  if  sampling  is  to  be  successful  in  relatively  fast 


airstreams,  The  cnly  property  tia.t  can  be  varied  conveniently  appears 
t-.o  be  the  viscosity  of  the  collecting  fluid*  The  au  cl  this  investiga¬ 
tion  has  been  to  determine  the  critical  impact  velocities  for  drops  using 
collecting  liquids  of  much  higher  viscosity. 

2 •  Experimental  Technique  and  Apparatus 

a.  Histor  - jl  Result.  The  first  problem  encountered  in  the 
determination  of  critical  drop  velocity  is  that  of  producing  single  drops 
the  size  of  which  can  be  controlled.  Rupe  (ref.  6)  in  his  studies 

used  a  microburette  patterned  after  the  device  invented  by  Lane  (ref.  ?). 
Rape's  microburette  produced  drops  down  to  75  microns  in  diameter. 

In  erder  to  determine  the  velocity  of  a  drop  at  the  time  of  impact, 
an  optical  velometer  was  constructed.  It  is  similar  in  principle  to 
Rupe's  and  will  be  described  in  Section  2  b.  Rupe  varied  the  impact 
volocity  of  the  drop  by  varying  the  distance  from  the  collecting  cell 
to  the  tip  of  the  microburette.  His  collecting  cell  was  0.3 75-inch  in 
diameter  and  0.375-inch  deep,  being  filled  with  kerosene  having  a  kinematic 
viscosity  of  2.32  centistokes  and  a  specific  gravity  of  .802  at  20 °C. 

Sahay's  apparatus  was  quite  simple.  It  consisted  of  a  glass  reservoir 
in  which  the  water  level  was  kept  constant,  and  was  equipped  with  a 
spout  on  the  bottom  to  which  capillary  tubes  of  various  sizes  could  be 
attached.  This  variety  of  sizes  of  capillary  tubes  enabled  him  to  produce 
relatively  large  drops  of  controllable  size.  The  drops  were  allowed  to 
fall  and  strike  an  oil  surface.  The  critical  height  was  obtained  by 
raising  or  lowering  the  reservoir  to  produce  an  impact  velocity  just 
sufficient  to  shatter  the  drop. 

b.  Description  of  Apparatus.  Our  version  of  the  Lane  microburette 
is  shown  in  Figs.  1*,  '5,  and  6„  It  consists  basically  of  a  1/2-inch  I.D. 
Plexiglas  cylinder  in  which  0.007-inch  I.D.  hypodermic  tube  is  axially 
mounted.  The  lcwer  end  of  the  hypodermic  tube  was  turned  down  to  a  point, 
the  upper  end  being  connected  through  a  short  length  of  rubber  tubing  to 
the  reservoir  containing  the  drop  liquid  (water  in  this  case).  Air  at  an 
adjustable  pressure  could  be  fr  'ced  to  flow  down  the  annular  region  between 
the  Plexiglas  cylinder  and  the  hypodermic  tube.  This  air  in  passing  by 


5 


the  tip  of  the  hypodermic  tube  pulls  a  drop  off  when  it  roaches  a  certain 
site  determined  by  the  air  velocity. 

The  reservoir  (Tig.  7)  is  *  sealable  tank  of  approximately  1/2 -pint 
capacity,  which  can  be  pressurised  vdth  a  rubber  bulb  to  farce  the  liquid 
out  of  the  tip  of  the  hypodermic  tube  at  the  proper  rate. 

Water  drops  down  to  200  microns  in  diameter  were  produced  with  this 
microburetta,  although  the  trajectories  of  drops  smaller  than  $00  microns 
were  quite  erratic  during  initial  tests.  However,  it  was  found  that  by 
coating  the  tip  with  a  non-wetting  agent*  the  t  rajectories  were  more  nearly 
vertical.  This  held  true  down  to  approximately  300  microns  in  diameter, 
beyond  which  the  trajectories  again  became  erratic. 

In  use  the  microburette  is  placed  in  a  small-scale  wind  tunnel 
(Figs*  U#5»  and  6)  where  the  drops  can  be  accelerated  to  higher  velocities. 
The  contoured  walls  of  this  wind  tunnel  are  made  of  wood,  the  other  sides 
being  of  Plexiglas  so  that  the  drops  could  be  observed  forming  and  falling. 
Use  of  a  dyed  water  made  it  easier  to  see  when  they  struck  the  side  of 
the  tunnel.  Naturally*  if  this  were  allowed  to  happen  during  the  sailing, 
completely  erroneous  results  would  be  obtai  ned.  The  upper  portion  of  the 
wind  tunnel  is  a  stilling  chamber  containing  two  fine  mesh  screens  to  aid 
in  making  the  flow  uniform  from  two  compressed-air  inlets.  The  bottom 
portion  of  the  tunnel  contracts  to  a  constant  area  section  9-1/u  inches 
long  and  1  x  1-inch  inside  dimensions.  Static  pressure  taps  were  installed 
in  each  end  of  the  tunnel  so  that  the  velocity  of  the  air  could  be  accurate¬ 
ly  set*  A  rough  check  on  the  air  speed  at  the  exit  of  the  tunnel  (with 
microburetce  removed )  showed  that  velocities  up  to  250  ft. /sec  could  be 
obtained*  Accurate  calibration  of  the  wird  tunnel  was  not  necessary, 
because  the  actual  velocities  of  the  d  rops  were  measured  with  an  optical 
Telemeter. 

The  optical  ve  lama  ter  (Figs.  7  and  8)  makes  use  of  throe  parallel 
beams  of  light  which  project  across  the  path  of  the  drop  diagonally  at  an 
angle  of  about  135°  to  the  vertical*  When  the  drop  crosses  these  beams 
of  light  a  email  portion  of  each  beam  is  refracted  horizontally.  These 
refracted  rays  are  then  picked  up  by  a  photoelectric  tube  and  the  result¬ 
ing  voltage  pulses  fed  into  an  oscilloscope*  The  distance  between  the 


eOsneral  Electric  Drl-FUm  9987 


6 


light  beam a  is  known,  so  the  velrx:ity  of  thD  droplet  c be  determined 
from  the  time  interval  between  the  pulsos  on  the  o'jeill'vjccpe. 

Several  different  light  sources  were  used  m  an  a-  '.cr.pt  to  accentuate 
the  signal  produced  by  the  refracted  rays  ar.d  thereby  raise  the  lgr.al-to- 
noise  ratio.  These  light  sources  were  a  Cenco  mercury  vapor  lamp,  a 
ribbon  filament  microscope  illuminator,  and  a  General  Electric  ui6  mercury 
vapor  lamp.  The  same  light-tight  housing  was  used  for  the  first  two 
(Fig,  ?),  w-,'i a  special  housing  wj  constructed  for  the  Dii6  lamp,  as 
shewn  in  Fijy-,  9  and  10. 

The  amplitude  of  the  signal  on  the  oscilloscope  trace  was  found  to 
vary  but  little  among  the  three  different  lamps.  The  ribbon  filament 
microscope  illuminator  was  finally  adopted  because  of  advantages  in  ease 
of  Deration  and  signal-to-noise  ratio. 

The  light  from  the  ribbon  filament  lamp  is  focused  or.  a  oin  hole  in 
a  disc  located  in  the  focal  plane  of  a  collimating  lens  to  produce  a 
beam  of  parallel  light.  The  latter  is  interrupted  by  an  opaque  film  which 
ha?  three  parallel  transparent  lines.  These  lines  are  approximately 
0,(/.?0-lnch  wide  and  0.125-inch  apart.  The  epaque  film  was  made  by  placing 
three  parallel  wires  on  a  sheet  of  photographic  film  and  exposing  tc 
parallel  light  to  obtain  the  desired  density.  One  of  these  films  is 
shown  in  Fig.  7. 

The  three  parallel  teams  of  light  formed  by  this  film  are  then  passed 
through  a  prism  and  directed  across  the  path  of  the  drops  at  an  angle 
of  135°  to  the  vertical.  The  first  (top)  beam  is  used  to  start  the  3weep 
of  the  oscilloscope,  and  the  remaining  two  are  used  to  determine  the 
velocity  of  the  drop. 

Light  refracted  by  the  passage  of  a  drop  was  sensed  by  Dumont  Type 
6292  photo-multiplier  tube.  The  output  of  the  latter  was  applied  to  the 
grid  of  a  cathode  follower  whose  heater  current  and  plate  voltages  were 
supplied  by  batteries  to  eliminate  noise.  The  output  of  the  cathode 
follower  was  fed  into  a  Dumont  Type  30i#  oscilloscope  equipped  with  a 
Land  Polaroid  camera.  A  typical  photograph  is  shown  in  Fig.  11.  An 
accurate  audio  frequency  oscillator  was  used  to  determine  the  sweep  time 
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of  the  oscilloscope  which  in  turn  leads  to  the  time  interval  between  the 

two  signal  pulses. 

The  collecting  cells  (Fig.  12)  ^re  2  x  3-inch  glass  slides  with 
1/U-inch  Plexiglas  walls  cemented  around  the  edges.  As  recommended  by 
Rupe  (ref.  2),  the  bottoms  of  the  cells  were  treated  with  GE  Dri-Film 
9967  to  prevent  the  drops  from  flattening  when  they  come  to  rest.  The 
cells  were  filled  to  within  l/l6-inch  of  the  top  of  the  walls  with  a  Dow 
Corning  rt2CO!'  fluid  whose  kinematic  viscosity  is  12>00  centistokes  and 
whose  surface  tension  is  approximately  21.1  dynes/cm.  A  few  tests  were 
also  made  with  a  30000  centistokes  fluid  of  the  same  series.  In  use  the 
collecting  cell  rests  horizontally  on  a  removable  stand  ana  is  located 
approximately  where  the  drops  intercept  the  diagonal  light  beams. 

To  prevent  the  airstream  from  distorting  the  surface  of  the  fluid 
in  the  collecting  cell*  a  shutter  with  an  opening  slightly  larger  than 
the  mjuth  of  the  tunnel  was  inserted  between-  the  tunnel  and  the  collect¬ 
ing  cell.  This  shutter  (Fig.  12)  is  a  simple  blade  type  actuated  by  two 
solenoids.  Hlotter  paper  was  attached  to  the  top  of  the  shutter  to  pre¬ 
vent  intercepted  drops  from  pooling  aid  later  falling  into  the  collect¬ 
ing  cell  when  the  shutter  is  opened. 

The  microscope  used  far  the  examination  of  the  samples  is  a  Bausch 
ai^i  Dcmb  Series  F  with  a  mechanical  stage  and  a  graduated  eye  piece 
used  for  measuring  d rop  diameters. 

c.  Procedure.  The  liquid  reservoir  is  filled  with  water  contain¬ 
ing  1-1/2  per  cent  by  weight  of  nigrosine  dye.  The  microburette  air  is 
turned  cm  and  pressure  applied  to  the  liquid  reservoir  with  the  hand 
bulb  so  that  one  drop  is  forced  out.  The  drop  is  collected  with  no 
accelerating  air  (i.e.,  no  flow  in  the  wind  tunnel)  so  that  the  size  car. 
be  determined.  This  is  repeated  until  enough  drops  have  been  measured 
to  show  that  a  uniform  size  is  being  produced. 

The  accelerating  tunnel  air  is  then  turned  on  slightly.  Pressure  is 
again  applied  to  the  liquid  reservoir  so  that  droplets  are  forced  out  of 
the  tip  at  a  slow  rate  ( approximately  15-20  drops  per  minute),  When 
the  rate  Is  established,  the  shutter  is  closed  and  a  collection  cell  filled 
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with  Dew  Corn±-'3  "200"  fluid  placed  on  the  stand.  V;.-;  or. .t.. tor  ebscryes 
the  tip  tnrough  a  hand  micro scope  and  wnen  the  drop  -o  -boat  to  i ail. 
opens  the  ubjtter.  After  the  drop  fails,  he  closes  the  shutter  to  prevent 
any  more  drops  from  falling  into  the  collecting  tray.  The  cell  as  t hen 

placed  under  a  mic re scope  to  verify  the  size  and  to  search  for  any  smaller 
drops  respiting  1'rcm  break-up.  This  is  repeated  several  tames  for  each 
setting  of  the  accelerating  air.  If  no  break-up  is  observed,  the  velocity 
of  the  accelerating  air  is  increased  in  steps  and  observations  made  at 
each  setting  until  break-up  is  noted. 

When  the  air  pressure  settings  of  the  microburette  and  tunnel  have 
been  established  for  break-up,  the  dyed  water  is  removed  from  the  reservoir 
and  replaced  with  clear  water  for  the  velocity  determination.  The  tunnel 
pressure  is  then  set  somewhat  lower  than  the  break-up  value  and  the  drop 
siza  checked  by  collection  to  verify  that  the  mean  size  is  the  same  as 
with  dyed  liquid*  Returning  the  tunnel  pressure  to  the  critical  value 
defining  break-up,  the  velocity  was  determined  in  the  following  way  The 
trace  on  the  oscilloscope  resulting  from  the  passage  of  the  drop  across 
the  three  beams  of  light  is  photographed.  A  known  frequency  is  then  fed 
into  the  oscilloscope  to  determine  the  sweep  speed  of  the  trace.  Measure¬ 
ment  of  the  linear  spacing  of  the  signal  pulses  then  leads  to  the  time 
required  for  a  drop  to  pass  from  one  beam  of  light  to  the  next.  The  distance 
between  the  beams  is  known,  so  the  velocity  of  the  drop  can  be  calculated. 

This  complete  procedure  is  repeated  for  various  sizes  of  drops.  The 
velocity  is  determined  immediately  after  each  break-up  pressure  setting  has 
been  established  to  minimize  errors  due  to  tip  corrosion  and  contamina¬ 
tion* 

3 •  Analysis  of  Data 

If  it  is  assumed  that  each  drop  size  has  a  unique  critical  impact 
velocity,  then  it  should  be  possible  to  bracket  this  size  experimentally. 

This  was  done  in  the  present  investigation  by  varying  the  setting  of  the 
tunnel  air  pressure  so  as  to  define  two  values  of  drop  impact  velocity. 

The  lower  value  produced  no  break-up  of  the  drops,  the  upper  value  resulted 
in  all  drops  breaking,  and  the  object  being  to  make  the  difference  as  small 
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is  possible*  The  resulting  curve  t  1  mined  for  drop  disasters  fre*  350 
to  2270  microns  it  shown  in  Fig.  13.  The  empirical  equation  obtained  for 
this  curve  it 

V  -  3l*.735  la  •  350 «  d«  2270  (1) 

6  U 

where  V  is  the  critical  velocity  of  the  drop  in  ft. /sec.  and  d  is  the 

w 

drop  diameter  in  microns. 

The  evaporation  of  the  drop  before  it  is  totally  immersed  in  the 
collecting  fluid  is  of  sons  concern.  A  check  was  made  simply  by  measuring 
the  diameter  of  a  drop  at  various  times  and  comparing  these  vd.uas  with 
thoee  for  a  drop  of  equal  initial  diameter  immersed  in  Stoddard's  Solvent. 
A  plot  of  the  ratio  of  d,  the  diameter  of  the  drop  in  the  collecting 
fluid*  to  dj  the  diameter  of  the  drop  in  Stoddard's  Solvent*  vs.  time  is 
shown  In  Fig.  liu  This  figure  indicates  the  trend  of  evaporation  using 
1000*  12500*  and  30000  cantistokes  Dow  Corning  “200"  fluids*  when  the 
original  diameters  at  the  drops  are  in  the  vicinity  of  2000  microns. 

An  investigation  was  made  to  see  if  the  collecting  ce^.1  had  any 
effect  on  the  velocity  of  the  drops.  This  was  done  by  placing  a  slide 
slightly  below  the  position  where  the  drops  pass  through  the  light  beams* 
measuring  the  velocity  of  the  drop*  and  then  comparing  this  value  with 
that  obtained  when  the  slide  was  absent.  It  was  found  that  tie  effect  was 
less  than  experimental  error  and  could  therefore  be  neglected. 

In  order  to  determine  the  manner  in  which  break-up  occurred,  high¬ 
speed  motion  pictures  were  taken  from  a  position  looking  dawn  on  the 
collecting  cell.  The  camera  uaed  is  a -tfollensak  16  mm.  Fast ax  operated  at 
approximately  3000  frames  per  second.  Selected  frames  are  shown  In  Fig. 
16. 

An  interpretation  of  Fig.  16*  based  an  the  movie  action*  shows  that 
immediately  after  impact  ligaments  are  extended  radially  from  the  drop 
similar  to  patterns  observed  by  Tsutsui  (ref.  8).  A  short  time  later 
these  ligaments  are  covered  by  more  liquid  from  the  main  drop*  after  which 
the  cowering  liquid  recedes*  exposing  the  ligaments  again.  Still  later 
the  ligaments  separate  and  form  email  drops  near  the  surface  of  the 
collecting  liquid.  This  type  of  break-up*  where  s stall  drops  surround  the 
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■tain  drop  at  .Approximately  the  same  level,  was  noted  only  in  t he  n.v of 
drops  larger  than  about  1000  micros. 

Fig.  27  thews  a  movie  sequence  side  view  of  a  drop  striking  the 
collecting  liquid.  In  this  case  the  ligament  is  prof e- to-  upward  as  well 
as  outward,  and  then  breaks  up  into  secondary  drops  bef~ro  falling  *c  the 
collecting  liquid.  This  type  of  break-up  results  in  a  lan-^  of  smaller 
drops,  likewise  noted  only  for  relatively  large  drops.  The  distortion  of 
the  sUiluCu  of  the  collecting  fluid  caused  by  tne  tunnel  airatream  can 
be  seen  in  Fig*  17. 

Several  tests  were  made  with  the  30000  centi stokes  liquid  to  see  if 
further  increase  in  the  viscosity  would  affect  the  critical  velocities. 

It  was  found  that  little  or  no  increase  in  critical  velocity  resulted 
ij  on  the  use  of  the  more  viscous  collecting  liquid. 

Combining  the  results  obtained  by  bahay,  Singh-*,  nape  and  this 
investigation  as  to  the  effect  of  the  viscosity  of  the  collecting  fluid 
f"  the  critical  velocity,  the  curve  shown  in  Fig.  1$  results.  There 
■n  ■  no  available  values  for  critical  velocity  in  tne  viscosity  range  of 
100  -  10000  centi 'tokes;  however,  it  is  logical  to  assume  that  the  c urve 
will  have  a  shape  approximately  that  shown  by  the  broken  line.  The  fact 
that  the  curve  goes  through  a  minimum  can  re  justified  by  considering 
the  extreme  case  of  a  sudden  blast  of  air  striking  a  water  drop.  The  work 
reported  in  Section  II  indicates  a  critical  break-up  velocity  of  about 
85  ft. /sec.  for  a  600  micron  water  drop, 
in  Conclusions 

a.  The  critical  impact  velocity  of  a  drop  can  be  raised  by 
increasing  the  viscosity  of  the  collecting  liquid.  There  appears,  how¬ 
ever,  to  be  a  limit  to  this  trend,  as  indicated  by  the  tests  conducted 
with  30000  centistokes  liquid. 


♦The  work  by  Sahay  was  undertaken  at  Singh's  suggestion,  and  the  two 
investigations  cover  much  the  same  ground.  It  is  noted,  however,  that 
there  is  a  lack  of  consistency  between  them  on  the  values  of  surface 
tension  and  viscosity. 
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b.  For  the  collecting  liquids  used  in  this  investigation,  the 

results  arc  expressed  by  the  equation 

V  -  3U.715  In  ,  350  £  2270  , 

C  u 

where  V  is  the  critical  velocity  in  ft. /see.  and  d  is  the  drop  diameter 

v 

in  ailerons.  This  equation  can  be  used  to  estimate  value*;  of  for 
d<350|  however,  ita  use  for  d>  2270  is  not  warranted. 

c.  Evaporation  of  drop©  from  the  tine  they  first  meet  the  collect¬ 
ing  surface  until  Just  submerged  is  negligible  xn  the  case  of  water  drops 
captured  in  the  Dow  Corning  silicone  oils  used  in  these  tests. 

HI  of  the  present  work  was  carried  out  with  water  as  the  drop 
liquid*  It  la  of  considerable  interest  to  know  how  ourve  of  V vs.  d 
would  change  for  drops  of  other  liquids.  An  experimental  study  conducted 
along  the  present  lines  could  provide  data  on  the  effects  of  surface 
tension  and  viscosity  of  the  drop  liquid.  Time  and  funds  did  not  permit 
us  to  Include  such  tests.  It  will  merely  be  noted  that  from  analogy  to 
the  break-up  by  air  blasts  one  would  expect  that,  for  a  giver,  drep  size, 
increasing  surface  tension  or  viscosity  would  raise  the  critical  impact 
velocity.  Before  using  viscous  silicone  oils  for  sampling  drops  of 
liquids  other  than  water  it  would,  of  course,  be  necessary  to  check  their 
miscibilities.  For  example,  kerosene  andgasolene  are  completely  miscible 
with  all  of  the  Dow  Corning  "200"  Fluids;  whereas  water  and  methyl 
alcohol  are  nan* solvents*  Other  liquids  (e.g.,  acetone,  ethyl  alcohol, 
and  some  of  the  higher  alcohols )are  immiscible  in  Dow  Corning  "200  Fluids 
whose  kinem.tic  viscosities  are  above  50  centlstckes* 

1 1 o  AIR  BLAST  BREAK-UP  OF  DROPS  -  A  SHOCK  TUBE  STUDY 

1.  Background  and  Statement  of  Problem 

a*  General.  The  break-up  of  bulk  liquid  into  sprays  of  individual 
drops  has  been  a  subject  of  particular  interest  and  investigation  ever 
since  the  advent  of  the  internal  combustion  engine.  During  the  period 
fro*  roughly  1920  to  19uQ,  a  substantial  amount  of  research  was  done  in 
Europe  and  the  United  States  on  the  atomization  of  fuel  oil  in  Diesel 
engines.  More  recently  the  use  of  jet  propulsion  power  units  for  air- 
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-•lanes  atu!  ...  *i..cs  h*s  intensified  the  study  of  those  factors  whith 
do  sorer,  u  t  vxi-Jju  ;t,ton  efficiency.  Among  these  factors ,  'fuel  atomization 
str.ar.d:-  ui  importance.  There  are,  oi  course,  areas  of  technology 

ether  than  propulsion  where  knowledge  of  the  physical  basis  of  spray 
./I  aerosol  formation  is  important.  In  fact,  tho  detailed  list  would  be 
,-uih'  r  lengthy,  but  two  fields  may  bo  mentioned  to  illustrate  the  point. 

s  r. .  t ^  Uu  iv?  xa  tiiu  field  of  chemical  engineering,  where  extensive  use 
or  spray  >  j.:.  k.  in  cooling  operations  arid  in  chomical  reactions  between 
gar  >  n  ;  It, [.  id  phases.  A  second  example  might  be  the  insecticidal  or 
fungoidui  spraying  operations  used  in  agriculture. 

b.  Importance  of  Single-Drop  Dreak-Up.  In  establishing  the 
connection  between  atomization  and  single-drop  break-up,  it  is  perhaps 
ht*J  ;  ’  l  U.*  to  outline  quickly  tho  main  features  of  the  disintegration  of  a 
I-gii-d  jot. 

Consider,  fox  example,  a  nozzle  having  a  straight  cylindrical 
orifice  fed  with  liquid  under  pressure.  Imagine  further  that  -the  injection 
pre.v.u.v  can  be  controlled  to  make  jet  velocity  an  independent  variable. 

Til's s  x  essentially  the  experimental  arrangement  used  by  Haenlin  (ref.  9)  • 
Hi j  results  indicated  four  different  types  of  jet  disintegration!  l) 
break-up  into  drops  solely  under  the  influence  of  surface  tens  ion, 

weak -up  with  the  influence  of  air  friction,  3)  break-up  through  wave 
formation,  and  h)  disruption  or  atomization.  Types  1)  and  2)  have  been 
.rovi.d  theoretically  by  Rayleigh  (ref.  10)  and  Weber  (ref. 11),  and 
experimental  results  on  drop  diameter  and  break-up  distance  have  confirmed 
their  work  fairly  well.  Type  3)  agrees  cnly  qualitatively  with  Weber’s 
theory,  while  that  of  Rayleigh  does  not  apply.  Type  U)  is  the  most 
Important  of  all  in  engineering  applications;  yet  here  the  "theory”  con- 
"isv.s  almost  entirely  of  empirical  equations  in  which  the  variables  have  been 
grouped  by  dj.  onsional  considerations. 

In  addition  to  the  work  referred  to  above,  a  large  body  of  later 
ej .  erimental  results  has  accummulated.  The  latter  have  had  their  origin 
in  various  tests  aimed  at  shedding  light  on  the  basic  mechanism  of  drop 
;  G.- .ration  in  sprays.  The  present  consensus  of  cp.r.ion  seem  -  to  affirm 
the-*'  three  important  stages  in  the  atomization  process,  a)  the  develop- 
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went  of  small  surface  disturbances  which  grow  in  amplitude,  b)  the  action 
of  air  friction  and  pressure  on  free  liquid  surfaces  causing  the  formation 
or  drops  9nd  ligaments,  and  c)  the  subsequent  splitting  up  of  the  liga¬ 
ments  ani  drops  themselves  by  the  relative  air  flow.  These  three  stages 
most  likely  occur,  regardless  of  whether  the  liquid  Jet  enters  still 
air  at  high  speed,  or  whether  a  low-3peod  jet  of  liquid  interacts  with 
a  fast  air  flew.  It  is  the  last  of  the  tb-  ,e  stages  towards  vh  ich  the 
present  study  has  been  directed. 

c.  Earlier  Work  on  Single-Drop  Break-Up.  It  may  be  said,  for  the 
sake  of  simplicity,  that  there  are  two  principal  situations  in  which 
drops  nay  break  up.  The  ,first,  which  will  be  called  the  "steady"  case, 
is  where  a  drop  is  exposed  to  a  more  or  less  gradually  increasing  relative 
air  velocity.  Falling  rain  drops  or  a  drop  detached  from  an  accelerating 
mass  of  liquid  exemplify  this  case.  The  second,  here  called  the 
"transient*  case,  exists  when  a  drop  is  subjected  suddenly  to  a  change 
in  relative  air  flow.  This  situation  prevails  when  a  drop  is  supported 
in  a  shock  tube  and  exposed  to  the  so-called  "hot  flow"  region  behind 
the  principal  shock  wave. 

Berth  the  steady  and  transient  cases  have  been  investigated  recently 
by  lane  (ref.  12),  who  studied  drops  5 00  to  5000  microns  in  diameter. 

The  steady  case  he  approximated  by  letting  drops  of  known  size  fell  into 
the  entrance  flare  of  a  small  vertical  wind  tunnel.  By  taking  single  flash 
photogvapns  of  different  drops  at  various  distances  along  the  axis  of  the 
tunnel,  the  author  was  able  to  reconstruct  the  history  of  break-up  of 
a  typical  drop.  The  photographs  show  that  the  influence  of  the  air  stream 
is  to  flatten  the  drop  increasingly  until,  at  a  critical  relative  air  speed, 
the  drop  is  blown  out  downstream,  like  a  bag  attached  to  a  heavy  rim.  The 
bag  finally  bursts,  producing  many  fine  drops;  whereas  the  rim  breaks  up  still 
later  into  much  larger  drops  which  comprise  about  three-quarters  of  the  liquid 
in  the  original  drop. 

Transient  break-up,  as  investigated  by  Lane  (ref.  12),  appears  to  take 
place  in  a  manner  quite  different  from  that  for  the  steady  case.  In  this 
case  there  was  no  evidence  of  bag  formation  whatev  r.  In  contrast,  the 
drops  first  became  shaped  like  a  plano-convex  len., »  with  convex  surface 


faring  the  blast.  This  was  followed  by  further  dcf ormat:  v.  ^n  which 
liquid  from  the  edges  of  the  drops  appeared  to  be  drawn  d.vur.s tream  in 
a  sheet  and  torn  into  ligaments  which  still  later  were  broken  into 
smaller  drops. 

The  important  role  played  by  surface  tension  ar.d  viscosity  in  the 
atomization  of  liquids  is  well  known,  and  a  considerable  amount  of  experi¬ 


mental  warx  has  been  done  to  correlate  these  two  physical  properties  with 
the  performance  of  many  types  of  spray  devices.  fet>  in  the  study  of 
si  r.gle-drop  break-up,  there  appear  to  be  substantial  gans  in  our  knowledge 
of  the  effects  of  viscosity  and  surface  tension.  In  his  work  on  the  steady 
case.  Lane  (ref.  12)  investigated  the  effect  of  surface  tension  with  various 
Irqu.is  covering  the  range  28  -  L75  dyne s/cm.  Using  gylcerol,  this  same 
author  found  that  only  when  the  viscosity  was  very  large  iid  it  have  an 
effect  on  drop  break-up.  His  results  appear  to  indicate  that  even  then 
viscosity  only  served  to  delay  the  break-up.  Herrington  and  Richardson 
(rof.  13)  performed  some  experiments  with  large  falling  drops  whose  diameters 
ranged  from  1*8  to  10  mms.  Their  findings  with  respect  to  the  influence  of 
surface  tension  are  not  in  accord  with  those  of  L*ne,  whereas  in  the  matter 
of  viscosity  effects,  their  results  were  only  qualitative.  Hinze  (yef.lli) 
has  treated  the  problem  theoretically,  with  results  agreeing  only  qualita¬ 
tively  with  experiment. 

Turning  to  the  transient  case,  there  appear  to  be  no  experimental 
data  whatever  on  the  effect  of  viscosity,  although  Lane  (ref.  12)  studied 
the  influence  of  surface  tension.  Hinze's  paper  treats  this  case  taking  both 
properties  into  account. 

The  foregoing  discussion  has  been  rather  general.  Specific  points 
will  be  entered  into  more  thoroughly  in  Section  3c,  where  our  results  are 
related  to  the  earlier  work. 

d.  Goal  of  Present  Investigation.  The  engineering  importance  of 
drops  as  small  as  1  micron  is  generally  recognized,  fet  there  are  no 
data  on  the  break-up  of  single  drops  below  500  microns.  The  present 
Study  was  begun  in  an  effort  to  supply  experimental  break-up  data  in  the 


100  -  1000  micron  range. 


The  effects  of  surface 


viscosity 


were 


to  be  investigated  as  thoroughly  as  time  and  funds  would  allow.  Only  the 
transient  c*3e  was  to  be  studied*  for  which  purpose  the  shock  tube  appeared 
to  offer  the  easir  tv^nue  of  anproach. 

2.  Expert. mental  K.  icxi  ar.d  Apparatus 

a.  Historical  Resum£.  So  far  as  the  authors  are  aware ,  the  only- 
previous  experimental  work  reported  on  the  transient  or  blast  break-up  of 
drops  is  that  of  Lane  referred  to  above.  His  apparatus  made  use  r£  a 
"blast  gun"  to  produce  the  transient  pulse  of  air.  Drops  of  known  size 

were  released  from  a  burette  located  above  the  open  and  of  the  tube, 
and  by  letting  the  dr ope  fall  through  light  beams  sensed  by  photo-cells, 
it  was  possible  to  fire  the  blast  gun  and  t  ake  single  flash  photographs 
properly  timed  to  show  the  stages  of  break-up. 

Lane  (ref.  12)  chose  the  burette  position  sucl  that  the  drop  would  cross 
the  axis  of  the  blast  gun  5  cm.  from  the  open  end.  The  puncture  of  the  dia¬ 
phragm  was  timed  to  make  the  shock  wave  ahead  of  the  air  blast  reach  the  drop 
just  as  the  latter  crossed  the  axis.  Blast  durations  are  stated  (ref.  12) 
to  have  beep  approximately  L  milliseconds,  vdth  maximum  blast  velocities  of 
about  330  ft. /sec.  Several  blast  v el oci ties  were  measured  by  starting  with 
smoke  in  the  blast  gun  and  taking  high  speed  motion  pictures  of  the  emergent 
pulse  of  smoky  a£r.  In  this  way  a  curve  was  obtained  showing  blast  /elocity 
as  a  function  of  pressure  in  the  compression  chamber  of  the  gun. 

The  work  described  above  certainly  represents  an  able  and  well-cor.ceived 
attack  on  a  difficult  problem.  However,  there  a  re  a  few  aspects  of  the  method 
which  appear  opep  to  question.  These  are  discussed  more  fully  in  Section  3r 

b.  Description  of  Shock  Tube.  Within  the  last  ten  years  the  shock  tube 
has  become  a  recognised  tool  intna  field  of  fluid  mechanics*.  This  develop¬ 
ment  has  necessarily  raised  our  knowledge  to  the  point  where  the  main  features 
of  transient,  compressible  flows  in  one  dimension  are  fairly  well  understood. 
Since  the  shock  tube  used  in  the  present  investigation  is  rather  conventional 
it  was  possible  to  find  sufficient  information  on  design  and  operation  in  the 
literature  (r*fa.  15  -  19)* 


*Zn  a  recent  discussion  with  Dr.  G.K.  Patterson,  Director  of  the 
Institute  of  Aerophysica  of  the  University  of  Toronto,  he  pointed  out 
that,  whereas  In  19i*6  there  were  only  a  few  shook  tubes  in  existence, 
there  are  new  about  200  of  them  in  Cauda  and  the  United  States. 


The  shock  tube  is  made  up  of  sections  of  seamless  brass  tubing 
having  a  wall  thickness  of  l/U-inch  and  inside  dimensions  rf  3  x  'i  inches. 

Each  section  is  fitted  with  flanges  at  either  end,  as  si,  own  in  Fig.  13. 

The  flanges  are  hard-aoldered  to  the  toco  sections ,  then  faced  off  perpendi¬ 
cular  to  the  sides  of  the  tube.  Dowel  pins  provide  accurate  alignment;  while 
one  o-ring  per  joint  seals  against  leaks  in  pressure  or  vacuum. 

The  assembled  tube  can  be  seen  in  Fig.  19.  This  view  is  from  the  open 
end  of  the  expansion  chamber.  Trapezoidal  plates  raise  the  t  ul»o  off  the 
supporting  rack,  the  latter  being  constructed  of  standard  framing  channel 
and  car.  be  adjusted  for  levelling  purposes.  Dot  clearly  visible  are  cblique 
fore-and-aft  braces  which  stabilize  the  frame  against  recoil  when  the  shock 
tube  is  fired.  A  view  from  e  the  test  section,  looking  towards  the  com¬ 
pression  chamber,  is  shown  -g .  20,  where  some  of  the  components  are 

iaentifiad. 

The  overall  length  of  the  shock  tube  can  be  varied  by  adding  sections. 

In  this  way  a  maximum  length  of  UO  ft.  can  be  reached.  Furthermore,  the  assort¬ 
ment  of  sections  is  such  that  the  test  section  can  be  positioned  to  expose,  with 
overlap,  any  portion  of  the  flow  from  within  1-1/2  inches  of  the  diaphragm  to 
the  end  of  the  expansion  chamber.  The  total  tube  length  shown  in  Fig.  19  is 
29-1/2  feet. 

A  closer  view  of  the  test  section  is  that  of  Fig,  21.  The  windows  are 
21  inches  long  and  wide  enough  to  expose  the  top  and  bottom  inside  walls  of 
the  tdbe.  A  backing  plate  with  clamps  allows  the  use  of  an  8  x  10-inch  film- 
holder  fra  for  shadowgraph  pictures.  To  the  left  of  the  test  secti  or.,  ex¬ 

tending  through  the  top  wall  of  the  tube,  is  a  pressure  pickup  which  senses 
the  passage  of  shock  waves. 

Rupture  of  the  cellophane  diaphragm  separating  the  compression  and  ex¬ 
pansion  chambers  is  accomplished  by  a  solenoid-operated  plunger.  This  device 
can  be  seen  in  the  "fired"  positi  on  in  Fig,  22.  In  use  a  strip  of  cello¬ 
phane  is  held  between  the  mating  flanges  which  are  clamped  together  with  two 
"Vise-Grip"  pliers.  Figure  22  (left  side)  also  shows  one  of  three  rollers 
which  support  the  compression  chamber  and  facilitate  renewing  the  dlaphram. 

When  the  plans  for  the  s  hock  tube  were  being  laid,  it  was  considered 
advisable  to  group  the  main  operating  controls  and  gauges  on  a  single 
panel.  The  arrangement  worked  out  i  3  shown  in  Fi>  .  23.  The  large  gauge 
{top,  left)  measures  pressure  above  atmospheric  in  the  compression  chamber, 
the  ranine  being  0  -  b'000  mm.Hg.  The  two  gauges  on  the  right  arc  absolute 
pressure  gauges  covering  the  range  0  -  COO  mn  Hg.  in  overlapping  scales. 


The  latter  gauges  are  far  msasuring  pressures  in  the  expansion  chamber 
whan  it  la  evacuated.  Six  valves  provide  far  controlled  a^mssion  c i 
compressed  air,  switching  of  gauges,  and  bleeding.  The  electrical  cub  • 
panel  (canter)  consolidates  control  switches.  From  this  position  the 
various  accessories  can  be  turned  on  or  off  and  the  firing  solenoid  can 
be  cocked  and  fired.  Pilot  lights  are  the  dimming  type.-  a  useful  feature 
when  the  room  must  be  darkened  for  taking  pictures.  The  last  unit  (bottom* 
center)  provides  electronic  delay  fresa  30  to  k 500  microseconds  and  can  be 
set  within  one  microsecond  in  this  range, 

The  way  in  which  the  shock  tube,  control  panel,  and  accessories  are 
Int* reconnected  is  shown  in  Pig.  2U.  Since  the  basic  timing  signal 
originates  in  the  pressure  pickup  when  the  shock  wave  travels  over  it, 
the  location  of  the  pickup  must  not  be  too  close  to  the  diaphragm.  The 
underlying  reason  for  this  is  the  non-ideal  manner  in  which  the  diaphragm 
tr'-str.  The  result  i*.  that  the  shock  wave  is  originally  curved  and 
multiple,  requiring  tine  to  reach  full  strength  and  become  plane. 
Fortunately,  this  problem  has  received  the  attention  of  earlier  workers, 
end  our  design  was  guided  by  their  reports  (ref.  15*  19). 

Inasmuch  as  rather  conventional  operation  of  the  shock  tube  was 
required,  no  elaborate  measurements  were  made  on  the  various  flow  quanti¬ 
ties.  In  fact,  to  have  done  ao  would  have  necessitated  a  considerably 
larger  investment  in  time  and  equipment.  This  work  was,  more over, considered 
superfluous  in  view  of  existing  information  (refs.  15  -  19)  on  the 
performance  of  shock  tubes  comparable  with  ours  in  dimensions  and  operating 
conditions.  Therefore,  it  was  considered  sufficient  to  check  only  those 
quantities  within  the  capabilities  of  our  instrumentation  and  which  bear 
importantly  on  the  drop  break-up  study.  Probably  the  most  important 
problem  la  that  of  accurate  time  delay  to  insure  that  the  shock  wave  can 
be  located  precisely  with  respect  to  the  drops.  This  means  not  only  that 
the  electronic  delay  unit  must  be  stable  and  accurate;  it  also  requires 
accurate  measurement  of  tne  pressure  ratio  across  the  diaphragm,  since 
thi|i  determines  the  speed  of  the  shock  wave.  The  two  requirements  were 
assessed  together  by  taking  several  shadowgraph  pictures  of  the  shock 
wave,  heading  tha  delay  end  diaphragm  pressure  ratic  ^  constant. 
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The  results  are  shovr.  ir.  Fig.  25,  where  tie  numbers  52,  56,  5 7  re:  or  tc 
separate  firings  of  the  tube.  The  three  photograph,  have  been  petitioned 
so  that  the  images  of  the  upstream  end  of  the  test  section  window  lie 
along  a  c onnon  line.  Comparing  the  position  of  the  shock  waves,  it  is 
evident  that  location  and  repeatability  are  good.  (The  separation  of 
the  typical  light  and  dark  lines  of  the  shodovrgraph  i results  from 
the  shock  being  sr/r>’what  off  the  axis  of  the  light  source.)  The  criss¬ 
crossed  shocks  iollowmg  the  main  shock  probably  arise  from  a  small 
mismatch  at  the  first  upstream  couoling  flange,  and  as  such  are  much 
weaker  thm  the  primary  shock  wave. 

A  short  discussion  of  the  calculation  of  shock  tube  parameters  is 
given  in  Anoendix  A. 

c  Camera  and  Light  Sources.  The  a-rangerent  of  camera  and  light 
3C".;r„r:  can  be  seen  from  Fig.  26.  The  camera  proper  is  from  crur  Bausch 
and  bomb  Type  L  photomicrography  equipment  ar.d  needed  no  modification. 

It  u  equipped  with  a  72  mm  f/ii.5  Bausch  and  Lomb  Micro  Tessa r  lens, 
who:!  rvin.it:>  magnifications  of  aporoxinctely  3X  to  10X.  The  light  source 
ah  own  is  a  nxiification  o:’  the  General  Electric  unit  (Type  FT-130  Flash- 
tdo).  A  closer  view  of  the  light  source  is  shown  in  Fig.  27.  The  lens 
between  the  camera  and  the  light  source  is  a  lu  in.  f/6.3  Kodak  Ektar. 

It  was  found  later  that  this  lens  did  not  have  any  appreciable  condensing 
effect  and  was  therefore  not  used  with  the  G.  E.  light. 

Tne  camera  and  light  source  are  mounted  on  a  carriage  which  permits 
motion  along  the  full  length  of  the  test  section  window.  A  valuable 
feature  of  the  Bausch  and  Lomb  camera  is  the  reflex  viewer  which  consists 
of  a  tilting  mirror  and  ground  glass  screen.  Figure  20  shows  the  relation¬ 
ship  between  the  camera-light  assembly  and  the  test  section.  The  G.  E. 
light  proved  unsuitable  for  shadowgraphs  where  the  requirement  for  good 
definition  is  either  parallel  light  or  light  from  a  source  of  small 
dimensions.  Consequently,  the  spark  source  shown  in  Fig.  ?8  was  used 
far  shadowgraph  pictures.  This  is  one  of  several  available  in  the 
laboratory  and  has  a  flash  tine  of  about  1.5  microseconds. 
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d.  Acoustical  Drop  Holder.  Although  Lane  did  not  state  the  reasons 
why  he  did  not  study  the  break-up  of  drops  smaller  than  500  r.icrons,  it 
is  reasonable  to  beliere  that  he  stopped  where  he  did  because  of  instru¬ 
mental  difficulties.  It  is  not  likely  that  the  production  of  smaller  drops 
wai,  the  limitation*  since  the  burette  used  was  probably  the  same  as  that 
devised  by  Lane  such  earlier  (ref.  7)  and  capable  of  producing  uniform 
drops  as  small  as  75  microns  (ref.  6).  The  work  described- in  Part  I  of 
whl3  report  demonstrated  that  as  the  drop  diameter  is  decreased  blow 
roughly  500  microns  it  is  difficult  to  control  their  trajectories  of 
fall.  The  region  through  which  the  drops  must  fall  is,  in  the  blast-gun 
arrangement  of  Lane,  rather  narrowly  limited  by  the  depth  of  field  of  the 
lenses  ss  well  as  the  widths  of  the  light  beams  through  which  the  drops  had 
to  fall. 

Since  the  difficulties  Just  mentioned  stem  mainly  from  the  falling 
motion  of  the  drops.  It  is  natural  to  look  for  some  way  to  hold  them  at 
rest*.  The  use  of  acoustic  radiation  pressure  to  support  drops  was  brought 
to  our  attention  by  Bolt  and  Miraky  (ref.  20).  For  their  work,  the  study 
of  evaporation  rates  of  volatile  drops,  they  were  able  to  uae  the  sound 
field  inside  e  commercially  available  unit,  namely,  a  barium  titanate 
piezoelectric  cylinder**.  The  effects  of  radiation  pressure  in  acoustics 
vs  not  new,  and  the  literature  on  the  subject  is  rather  extensive.  In 
fact,  the  very  application  of  supporting  alcohol  drops  was  demonstrated 
by  Bucks  and  Muller  (refe.  21,  22)  in  1933*  although  the  distances  over  which 
this  action  was  effective  appear  to  have  been  limited  to  1  or  2  cm.  The 
first  systematic  treatment  of  the  theory  relevant  to  this  case  seems  to 
be  that  of  King  (ref.  33).  A  recent  paper  by  Rudnick  (ref.  2k)  reports 

*The  support  of  charged  drops  in  an  electric  field,  similar  to  the 
Millikan  oil-drop  experiment,  was  considered.  Calculations  showed 
that  prohibitively  high  voltages  would  be  required  for  drops  of  the 
sixes  of  interest*  In  addition  no  practicable  way  could  be  seen  to 
produce  charged  drops  of  a  given  else  end  introduce  them  into  the 
shock  tube  in  s  controlled  manner. 

^Manufactured  by  Brush  SLeotronlcs  Company,  Cleveland,  Ohio. 
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measurements  of  the  force  exerted  on  spheres  by  sonic  radiation  pressures. 

Barium  titanate  is  a  ceramic  material  which  cun  be  for;— d  into 
plates,  cylinders,  discs,  and  other  shapes,  and  chon  made  pcezcVi metric 
by  polnri ration  in  an  electric  field,  '.'early  all  of  the  cori.ercial 
element-  have  several  modes  of  vibration  who:.o  resonant  fre-juerirj**^  !;*• 
in  the  ultrasonic  region.  After  experi ir*-ntati on  witn  var i our.  shapr~,  tho 
vibrator  shown  ir.  fip,  29  was  developed.  The  driving  clement  is  a  fcariuii 
titanate  cyl^ndo)  ,  2.00  inches  long,  2.00  inches  O.D.,  and  of  0,188  inch 
waii  thickness.  Outer  and  inner  surfaces  have  plated  silver  electrodes. 

To  one  end  of  this  cylinder  a  flat  duraluminum  diaphragm  has  been  rigidly 
cemented.  The  particular  mode  of  vibration  used  is  a  lengthwise  exten¬ 
sion  and  contraction  excited  at  a  nominal  frequency  of  50  Kc.  Fewer  is  fed 
through  leads  which  attach  to  corrugated  phosphor-bronze  strips,  the  outer 
cue  or  whicn  is  visible  in  the  photograph.  The  leads  of  an  iron-cons taut an 
thermocouple  can  be  seen  entering  the  open  bottom  of  the  barium  titanate 
cylinder,  the  Junction  of  the  two  wires  being  taped  to  the  inner  electrode 
surface.  An  occasional  check  on  the  temperature  is  necessary  since  heating 
occurs  during  operation  and  surface  temperatures  in  excess  of  about  170°F 
vi.ll  cause  depolarization  of  the  ceramic. 

In  normal  use  the  cylinder  is  held  inside  the  knurled  brass  base 
which  is  provided  with  a  machined  phenolic  plug  for  electrical  insula¬ 
tion.  The  purpose  of  the  internal  threads  cut  in  this  base  my  be  seen  in 
Pig.  30.  The  flanged  part  at  the  right  bolts  to  the  bottom  of  the 
shock  tube  test-section,  and  the  mating  threads  allow  the  vibrator  dia¬ 
phragm  to  be  brought  flush  with  the  inside  lower  wall  of  the  test  section. 
Actually  the  diaphragm  surface  is  only  approximately  flush  because  some 
adjustment  is  required  to  establish  maximum  amplitude  of  the  stationary 
sound  field. 

During  the  bench  testing  of  the  vibrator  it  was  found  that  the 
stability  w.  -h  which  drops  were  held  was  much  enhanced  by  a  small  con¬ 
cavity  in  the  reflector.  This  feature  was  accordingly  included  in  the 
design  of  the  reflector  plugs  shown  in  Pig.  31.  The  short  plug  mounts 
flush  with  the  top  inside  wall  of  the  test  section,  vhile  the  longer 
plug  extends  about  1  inch  below  the  wall.  Some  of  the  t  ests  with  water 
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drops  required  the  stronger  sound  field  existing  ir.  the  smaller  spn.ce 
between  the  . .brator  and  the  longer  plug* 

Additional  discussion  of  the  mechanism  of  support  of  orops  by 
rr.d_.tion  pressure  is  given  in  Anpendix  B,  where  there  nre  «.'iso  further 
rem.rks  on  vibrator  design.  It  will  suffice  hero  to  illustrate  the 
capabilities  of  the  acoustical  drop  holder  in  its  present  fern,  Figure 
32  shows  four  pictures  taken  with  the  vibrator  sot  up  on  the  ber.::;.  The 
reflector  is  a  concave  lens  cemented  to  a  steel  disc,  the  latter  being 
attache  to  a  micrometer  head  far  accurate  adjustment  of  the  spacing 
between  vibrator  and  reflector.  In  operation*  a  drop  of  liquid  is 
placed  on  the  vibrator  diaphragm  and  the  exciting  frequency  tuned  to 
resonance*  whereupon  the  liquid  Is  thrown  upwards  in  a  spray  of  fine  drops*. 
The  coagulating  action  (refs,  25-  2fi)  of  the  sound  field  on  the  drops 
causes  them  no  unite  into  single  drops  spaced  one-half  wavelength 
apart.  The  pictures  of  Fig,  32  show  some  of  the  stages  in  this  action. 

High  speed  movies  were  also  taken  in  an  effort  to  see  the  details  of  this 
coagulating  orocess.  Frame  speeds  up  to  ?00  per  second  were  obtained  with 
a  Fas tax  16  mm.  camera  using  an  extended  lens  barrel  to  rive  3X  magnifica¬ 
tion,  The  resulting  movies  showed  that  the  first  effect  of  the  sound  is 
to  stratify  the  fine  drops  into  layers  separated  by  a  hail  wavelength. 

>■; thin  each  layer  the  individual  drops  revolve  rapidly  around  a  larger 
central  drop,  the  latter  being  formed  early  in  the  stratification  phase. 

The  final  stages  of  the  coagulation  process  occur  when  an  entire  layer  of 
tiny  drops  has  been  combined  into  one  central  drop  with  several  satellite 
drops  rotating  around  it.  The  satellites  are  then  observed  to  collide 
and  unite  with  the  central  drop  until  a  single  drop  hangs  alone  in  the 
sound  field. 

Operation  of  the  acoustical  drop  holder  in  the  test  section  of  the 
chock  tube  is  shown  in  Figs.  33  and  3h»  Nine  drops  of  methyl  alcohol  can 
be  seen  in  Fig.  33*  Extending  through  a  small  central  hole  in  the 
reflector  plugs  (top  wall  of  the  test  section)  is  the  needle  of  a  hypo¬ 
dermic  syringe  (cf.  Fig.  20)  used  to  release  larger  drops  2  or  3  am.  in 
diameter  which  land  on  the  diaphragm.  Fig.  3k  illu~*i*ates  the  use  of 


♦By  slide  sampling  and  microscope  examination  these  drops  were  found  to 
have  diameters  lying  roughly  in  the  5-25  micron  range. 
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the  ion®  rftfir-  tor  plug  to  produce  the  stronger  sound  lit*  id  required  tc 

hold  relativelv  larger  water  drops. 

3 .  Analysis  of  Experimental  Data 

a.  Test  Procedure.  The  existence  of  «i  critical  value  for  the 

amplitude  of  a  3tep-wi3e  air  blast  to  hit  and  just  break  ^  arop  is 

intuitively  logical.  It  implies  that  the  present  nroblem  becomes  solved 

’.'f  en  the  curve  of  u  vs,  d  has  been  found,  where  u  is  t  *«_•  critical 

c  c  '  c 

velocity  iV»  a  iron  whose  di areter  is  d  .  Consequently  there  are  two 

c 

ways  which  surest  t  terse  Ives  more  or  less  immediately  of  carrying  out 

the  exr, crinentc*  These  are  discussed  in  the  following  two  paragraphs . 

First,  if  drops  of  any  given  size  could  be  introduced  into  the 

sound  ft- Id  and  held  stably,  the  value  of  could  be  found  by  a  series 

of  f irihgs  of  the  shock  tube  in  which  the  diaphragm  pressure  ratio  P. 

iu. 

was  v*.  'xed  over  a  snail  range.  This  small  range  of  would  produce  a 
o. tupo/ioing  one  in  U2»  the  air  velocity  between  the  shock  wave  and  the 
i.'-it«vit  surface.  In  this  way  a  pair  of  close  valuo3  of  (and  cf  j , 

••  Id  he  found  such  that  the  smaller  value  w  ould  deform  hut  not  break 
:  r.rc-p,  while-  the  larger  value  v  ould  rupture  the  drop  into  two  or  more 

f  .laments.  Thus  the  interpolated  value  of  uo  could  b» ‘taken  at  the 
appropriate  value  of  u^  for  that  particular  diameter  d,.  The  foregoing 
approach  was  actually  considered,  and  several  methods  of  producing  drops 
cf  uniform  size  were  tried.  It  would  serve  no  purpose  here  to  report 
these  trials  in  detail.  Suffice  it  to  say  that  they  wore  found  to  be 
inadequate  on  two  counts:  the  drop3  were  either  not  sufficiently  uniform 
in  size  or,  what  is  more  serious,  they  could  not  be  produced  with  low  enough 
velocities  to  be  captured  by  the  sound  field. 

The  second  approach  would  maintain  (and  Ug)  constant  and  vary 
the  drop  diameter  between  successive  firings  of  the  shock  tube.  Thus,  the 
two  close  values  of  d  could  be  found,  the  larger  value  for  the  drop  that 
just  breaks  and  the  smaller  value  for  the  drop  that  deforms  yet  survives* 
This  method  would  seem  beset  by  the  same  difficulty  as  the  first,  namely^ 
that  of  producing  drops  of  a  given  size.  Actually  such  an  objection  is 
valid  against  the  method  as  described.  However,  a  happy  circumstance  is 
the  manner  in  which  the  acoustical  drop  holder  performs.  As  mentioned 
earlier,  and  as  is  evident  in  Figs.  32,  33,  and  3 i  »  the  coagulation  of 
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fine  drops  In  the  ?ound  field  produces  an  c.cs  .r*n<  r t  of  ;  G--»r*-raily 

the  diameters  decrease  with  Increasing'  distance  fror.i  the  vlb.ii.r.r 
although  this  is  not  always  the  case,  By  nrcrver  control  or  the  rover  and 
frequency  of  the  driving  signal  fed  to  the  vibrator  it  is  possible  to 
vary  the  amount  of  liquid  sprayed  up,  which  in  turn  chanp* the  size 
range  of  the  suspended  drops.  Further,  since  the  field  of  the  camera 
end  light  was  sufficient  to  incluae  as  many  as  eight  drop"-  in  -a  single 
photograph,  the  break-up  of  drops  covering  a  considerable  size  range  can 
be  deteiTiined  from  one  firing  of  the  shock  tube* 

The  second  method  Just  described  was  found  to  be  practicable.  In 

some  cases  it  was  necessary  to  take  many  pictures  at  a  giver,  value  of 

pu  in  order  to  find  the  two  close  values  of  d  which  would  define  the 

point  u  ,  d  on  the  break-up  curve.  Nevertheless,  the  total  number  of 
c  c 

pL-f.-  3j  required  was  not  prohibitive,  as  later  discussion  of  the  data 
will  show.  In  fact,  some  points  on  the  curve  were  found  with  as  few  as 
8  s-  ta  or  16  pictures* 

Additional  control  over  drop  size  can  be  achieved  by  letting 
evaporation  proceed  until  the  desired  range  of  sizes  is  reached.  This 
was  actually  done  in  the  case  of  water  drops  where  the  long  reflector 
plug  produced  a  stronger  sound  field  capable  of  holding  an  assortment 
of  drops  for  15  or  20  minutes,  during  which  time  sane  would  evaporate 
completely.  Where  the  short  plug  reflector  was  used  -  and  this  was  the 
case  for  most  of  the  work  -  the  sound  field,  far  reasons  not  fully 
understood,  usually  lacked  the  power  to  hold  drops  stably  for  more  than 
a  minute  or  two.  However,  even  this  short  time  was  sufficient  to  take 
the  required  pictures. 

Although  it  is  possible  to  determine  the  size  of  the  drops  by 
measuring  the  diameters  of  their  images  on  the  ground  glass  screen  of 
the  camera,  this  procedure  is  not  conducive  to  speed  <r  accuracy.  In¬ 
stead,  a  separate  photograph  was  taken  of  the  drops  in  the  sound  field 
before  firing  the  shock  tube.  This  first  photograph  could  be  taken 
quickly  by  the  simple  expedient  of  placing  the  film  against  the  Inside 
surface  of  the  ground  glass  screen.  The  metal  clip'  .voiding  the  ground 
glass  also  accommodated  the  $  x  7-inch  cut  film,  tlv  only  trick  being 


to  fasten  a  piece  of  double-faced  jcq‘c:,  ian/,  to  t  r-:  :>•  —  *r-* 

to  prevent  tr.e  f*im  from  la^cir.,;  out  tr.o  I  .->s,»l  rf.  ......  -..v 

the  reflex  mirror  upwards  after  taJc-.ri*  r  K. -  r; — .  p:c*  ore  .  t 

camera  for  the  rime-delay  photogranh  of  t no  aropr.  after  t..o  nasni.-'e 
of  the  shock  wave.  Figure  35*  r  howr,  a  typical  pair  of  p. no copras ns  from, 
which  or J  p  r.al  sise  arid  cuban.-pa-riL  break— n  con  b*>  nptt.re  i . 

Centra  ...  .*re-  Ortho  rut  film  in  the  5  x7.  .non  -.ire  was  u.c-d 
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combination  or  rood  r^ooivir.r  tv.v.r  -ir.u  r.cu r-rn*>; 


.■ij»  .-d  suit  this  film  to  the  present  work,  omce  some  lirr.t  vac  teter  teal 
to  >...*■  adjustment  of  the  acoustical  drop  holder,  an  orthcohronat: c  film 
was  hignly  desirable. 

-t  is  clear  that  the  viscosity  of  a  crop  will  resist  oistorti.cn 
from  a  •’■■hen cal  shape.  The  result  of  this  is  that  photographs  of  the 
o  ■  -  i  .  up  of  drops  must  be  delayed  sufficiently  that  tnc-y  can  he  seen 
either  to  break  or  merely  to  oscillate.  Verification  of  tr.e  rupture 
or  rurvivai  of  a  given  size  of  drop  was  done  by  a  senes  of  pictures 
and  with  delays  from  500  to  1.200  microseconds. 

two  Liquids  were  used,  water  and  methyl  alcohol.  Their  surf ate 
tensions,  viscosities,  and  densities  at  2C°C  (63°r  )  are  as  follows  (ref, 
??) 


Surface  Tension 

/iseo.nty 

(dyne i/cm. ) 

(eery.  ■  no:  sc-.  ') 

Water 

72.'5 

1 . 005 

1*00 

Methyl  Alcohol 

22.6 

0.556 

GoSO 

Methyl  alcohol  was  investigated  first  since  it  had  been  found  to  respond 
more  readily  than  Water  to  she  straying  and  coagulating  action  of  the 
sound  field.  All  of  the  alcohol  t^sts  were  made  using  the  snort  reflector 
plug,  Working  next  with  water,  aided  by  the  experirr.ee  rained  in  the 
alcohol  tests,  it  was  found  that  drops  roughly  200  -  1,00  micron  in 


^Unless  stated  otherwise,  time  delays  noted  on  the  break-up  pictures  are 
figured  from  the  time  the  shock  wave  reaches  the  vertin'.?  centerline  of 
the  drops.  The  streaks  on  the  reflex  picture  (a)  ar-.  caused  by  some 

scratches  on  the  tilting  mirror. 


diam^t^r  couiu  he  held  in  the  sound  fluid  fairly  well  using  one  -short 
reflector  plug.  Un  the  other  hand,  drops  outside  that  range  coula  he 
held  satisfactorily  only  when  tne  longer  reflector  plug  wac  need. 

b.  Drop  Break-up  Penults.  Several  hundred  phoeoirranhs ,  showing 
the  break-up  of  over  a  -.ousand  individual  drops,  were  taken  during  thi  • 
investigation.  These  photographs  reveal  many  interesting  details  or  the 
break-up  process.  let  in  spite  of  differences  in  detail  there  are  basic 
Simla. iritios  in  the  break-up  of  all  the  drops  studied*  These  cor.';. on 
features  are ,t down  in  Fig.  36.  When  the  air  velocity  u^  is  considerably 
above  the  cri  tical  value  uc,  break-up  is  as  shown  in  (a).  It  15  uorth 
noting  that  the  work  of  Lone  led  him  to  conclude  that  this  is  only  way 
break-up  occurs  in  the  transient  or  blast  case.  On  the  other  hand, a  11 
of  cu:  results  indicate  that  at  values  of  Ug  slightly  exceeding  break- 
;  «c-  dr  in  the  stages  shown  in  (b).  Thin  is  ir.a  mode  of  break- 

up  found  by  Lane  but  specifically  stated  by  him  to  occur  only  in  steady 
cans.  The  sequence  of  events  shown  in  Fig.  36  is  made  up  of  single  photc- 
gr'.phs  of  different  drops  whose  initial  diameters,  however,  were  nearly 
th  same. 

Although  the  manner  of  drop  break-up  was  observed  to  be  basically 
ono  rf  bag  formation,  there  are  one  or  two  additional  features  which  are 
rather  interesting.  Figure  37,  for  example,  reveals  that  with  some  drops 
the  bag  develops  a  reentrant  portion  near  its  middle,  somewhat  suggestive 
of  the  stamen  of  a  flower.  This  "stamen”  increases  in  length  with  time, 
and  as  can  be  seen  in  Figs.  38,  39,  and  LO,  stands  rnore  or  less  alone  as 
the  rim  and  remaining  portion  of  the  bag  are  carried  downstream,  Incid¬ 
entally,  the  upper  two  drops  in  Fig.  38  and  the  uppermost  drop  in  Fig. 

39  are  noticeably  deformed  but  not  broken  or  "bagged”.  Fig.  lo3  is  an  en¬ 
largement  o'  a  portion  of  Fig.  37(b). 

A  sects*!  feature  of  interest  is  shown  in  Figs.  41  and  42.  Here  may 
be  seen  new  details  in  the  structure  of  the  bags,  especially  the  unbroken 
ones.  Small  dark  spots  surrounded  'ey  concentric  rings  are  noteworthy* 
but  whether  they  are  the  beginnings  of  points  of  rupture  of  the  bag  is 
still  a  matter  of  conjecture.  A  somewhat  similar  -‘ect  has  been  noticed 
by  fork  (ref.  30)  in  the  case  of  conical  spray  fil.-r;, ,  where  small  heavy- 
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rimmed  holes  art?  observed  and  believed  to  initiate  break  up  of  tr.e  f .  _  m , 
Figure  1*1*  shows  in  greater  enlargement  some  of  the  detail  cl'  Figs.  UU  c; 
and  1.2(d). 

The  de term in at 5  on  of  the  break-up  c urve  of  u  v£„  d  for  water  and 

c  c 

methyl  alcohol  was  carried  out  by  taking  several  hundred  pairs  of  phctc- 

grapns  of  the  type  just  discussed,  'prop  diameters  fell  in  the  range  of 

300  ••  ?QQ  merer;.,  for  which  the  critical  air  velocities  u  were  between 

c 

60  and  2ii0  ft. /mm.  Tne  results  are  shown  on  the  graph  of  rig,  1*5  >  where 
also  th:  points  of  Lane  (ref.  12)  have  been  plotted.  Curve  A  has  been 
drawn  to  fit  our  experimental  points  as  well  as  those  of  Reference  13. 

Curve  B  goes  through  our  values  for  methyl  alcohol,  while  Curve  D  has 
been  drawn  through  the  values  of  Reference  12  for  the  same  liquid.  A 
cor-«; able  divergence  of  B  and  D  is  evident.  Curve  C  is  the  one  recomm- 
er  J-  ■'  V  -  La::''  (ref.  12)  to  fit  his  water  points.  It  is  based  on  a  theerct. 
cal  relationship  between  the  transient  and  steady  cases.  More  will  be  said 
of  these  curves  in  the  discussion  of  results  in  the  next  section. 

In  order  to  illustrate  the  way  in  which  the  photographs  were  evaluated; 
tf.e  bar  charts  of  Rigs.  1*6  and  1*7  have  been  prepared.  It  can  be  seen  irem 
t>  .so  that  the  gap  between  the  smallest  drop  broken  and  the  largest  drop 
not  broken  is  quite  small.  The  "doubtful"  bars  embrace  those  drops  where 
the  quality  of  the  photographs  did  not  permit  a  decision  as  to  break-  up. 

The  uncertainty  which  these  doubtful  cases  introduce  into  the  values  cf 
dr  is  generally  not  more  than  a  few  per  cent.  The  values  plotted  in  Rig. 

1*5  are  those  given  at  the  bottom  of  Figs.  1*6  and  1*7. 

c.  Discussion.  In  analyzing  his  results,  Lane  (ref.  12)  started 
with  the  empirical  equation  found  for  the  "steady"  case, 

(u  -  v)^  d  -  612, 
c 

where  v  is  the  velocity  of  the  deformed  drop  just  prior  to  break-up. 

The  quantities  u  and  dc  are  as  defined  earlier,  but  the  units  are  now 
meters/sec.  for  the  velocities  and  mms.  for  d  .  When  ft. /sec.  and  microns 

V 

are  used,  as  in  this  report,  the  equation  becomes 


(u  -  v)^  d  * 


6.59  x  106 


(2) 
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Equation  (2),  being  for  break— up  by  steady  airstreams,  is  not  applicable 
to  the  transient  case.  In  order  to  apply  Eq.  (2)  to  the  transient  case. 
Lane  aakes  use  of  a  theoretical  result  of  Taylor  (ref*  3)*  which  states 
that,  for  a  glean  drop  diameter  and  liquid,  the  break-up  velocities  for 
the  too  cases  are  eonnseted  by  the  relation. 


^tt  "  ^transient  •  1  •  0.71  (3) 

(u  -  r)  steady  V  'l 


Lam  suggests  that  Eqs.  (2)  and  (3)  eonbine  to  give, 

(u  -  v)V  -  (0.71)  (6.59  x  106)  -  U.68  x  1C6,  (L) 

c 

as  the  relation  covering  the  transient  esse.  Equation  (U)  has  been  plotted 
as  Curve  C  of  Fig.  ii5. 

The  fern  of  the  preceding  equations  appears  first  to  have  been  given 


by  T.-^obnigg  (ref.  32).  Break-up  was  assumed  by  Triebnigg  to  occur  when 
the  surface  tension  pressure  was  equalled  or  exceeded  by  an  average  air 
pressure  corresponding  to  the  total  drag  of  a  spherical  drop.  That  is. 

Average  Pressure  -  ~  SurfaCe  Tension  Pressure; 


whi  ch  leads  to 


pa  (u  ’  r)2  S  ~ 


Bo 

dT  • 


(5) 


where  is  the  air  density,  v  the  velocity  of  the  drop  just  before 
break-up,  and  o  the  surface  tension  of  the  drop.  For  water  and  air  under 
standard  conditions,  and  using  the  value  -  O.U  (ref.  33)  (5)  becomes 

(  u  -  v)V  -  12.9  x  106  ,  (6) 

c 

which  is  to  be  compared  with  Eq.  (2).  Photographs  show  that  a  drop 
bee  anas  greatly  distorted  during  the  short  period  preceding  actual 
rupture;  so  a  sphere  drag  coefficient  is  probably  too  lew.  For  comparison, 
the  drag  coefficient  of  a  disc  nomal  to  the  flow  in  the  proper  Reynolds 
amber  range  is  roughly  •  1.2  (rtf.  33)  leading  to  the  equation, 

(u  -  v)2d0  -  U.3  X  lo6 

efSte  authors  have  been  unable  to  obtain  a  copy  of  inis  report, 
ee* Frontal  area*  hare  mans  tha  projected  area.  — 


(7) 


The  frontal  area  ut;ed  in  Eq.  (7)  is  that  of  a  disc  whose  diawet er  is 

twice  that  of  the  original  drop.  This  estimate  is  supported  oy  measure¬ 
ments  of  the  diameter  of  flattened  drops  reported  by  Lane  (ref.  12). 

In  the  equations  above,  the  velocity  v  of  the  drop  has  been  retained. 

This  is  practicable  and  perhaps  necessary  in  the  steady  case.  However,  the 

measurement  of  v  in  the  transient  case  is  difficult,  because  it  involves 

small  displacements  and  short  times  which  are  not  easy  to  obtain.  This 

fact  stands  out  when  it  is  realized  that  the  entire  break-up  process  takes 

roughly  a  millisecond  or  less,  during  which  time  the  drop  ia  radically 

altered  in  shape  and  finally  broken.  Moreover,  there  docs  not  appear  to 

bo  any  basic  physical  reason  w hy  correlations  of  break-up  with  uc  itself 

should  not  be  valid.  The  fact  that  the  experimental  results  confirm  the 

axis  he,,  ce  of  a  unique  pair  of  values  u  ,  d  lends  plausibility  to  this 

c  c 

vi“’‘.  Therefore  in  what  follows  it  will  be  assumed  that,  for  given 
liquid  properties,  the  velocity  behind  the  shock  determines  break-up. 

Th.e  report  by  Lane  (ref.  12)  makes  no  mention  of  measuring  v  in  the  trans¬ 
ient  case,  and  his  curves  of  drop  diameter  vs.  critical  velocity  show  that 
v  is  neglected.  Consequently  we  have  done  the  same  in  plotting  u  vs.  d  . 

G  C 

At  first  sight  it  might  appear  that  to  neglect  v  is  to  oversimplify 
the  problem.  This  may,  in  fact,  be  true  with  drops  of  great  viscosity 
where  phe  resistance  to  deformation  may  delay  the  break-up  process  to 
the  point  where  v  becomes  nearly  equal  to  u.  Nevertheless  the  exact  role 
of  viscosity  remains  obscure,  and  it  does  not  appear  possible  to  decide 
the  point  at  this  time.  On  the  other  hand,  results  with  liquids  of 
relatively  low  viscosity  (e.g.,  water  or  methyl  alcohol)  suggest  that  the 
conditions  for  break-up  are  determined  by  drop  diameter,  surface  tension, 
and  initial  velocity  of  the  air  blast. 

This  latter  point  of  view  has  been  adopted  by  Hinze  (refs,  lit,  3U ) 
whose  theory  assumes  that  drop  break-up  takes  place  when  the  dynamic 
pressure  of  the  air  at  the  stagnation  point  of  the  drop  exceeds  the  surface 
tension  pressure  by  a  certain  factor.  It  is  knom  (ref*  35)  that  when  a 
liquid  surface  is  curved  the  pressure  is  greater  on  the  concave  side  than 
on  the  convex  side.  The  pressure  difference  depend?  cn  the  surface  tension 
and  the  curvature,  and  is  given  by  the  relation 
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A? 


(6) 


where  and  are  the  radii  of  curvature  of  the  surface  in  two  ortho¬ 
gonal  planes,  the  so-called  principal,  planes.  A  P  is  usually  spoken  of 
as  the  "surface  tension  pressure".  In  the  case  of  a  sphere  of  radius 


A  P 


When  a  drop  is  first  touchod  by  the  flow  behind  the  shock,  the  over- 

2 

pressure  at  the  stagnation  point  is  1/2  •  The  ratio  of  the  two 

pressures  is 

2 

Dynamic  Pressure  of  Air  m  P2U2^  . 

Surface  Tension  Pressure  Ha 


(9) 


(10) 


time  .'lakes  use  of  the  Weber  number  We  defined  as  Just  four  tiroes  the 
ratio  of  Eq.  (10),  or 


We  - 


a 

The  theory  of  Hinze  allows  email  deviations  from  spherical  shape,  and 
relies  cn  an  experimentally  determined  value  cf  the  critical  Weber  number 
to  define  the  condition  leading  to  break-up.  Limiting  cases  of  low  and 
high  viscosity  are  considered  in  the  following  way: 


(11) 


Exaapleat 

Low  Viscosity  High  Viscosity 

Water,  P -  7.0  x  10-^  Glycerol,  P *  570 

Methyl  Alcchol,P-  3.9  x  10”1*  Heavy  Oils,  P«s  9000 

the  viscosity  parameter  has  the  definition. 


where  ^  is  the  viscosity  of  the  drop  and  PL  is  its  density.  According 
to  Hinse,  then  the  break-up  relation  follows  from  Eq.  (H)  when 
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2a 

p?u2  a 


(WeLit. 


(12  ) 


from  which 


2  ,  ^  2o(We) 


u  a 
c  c 


crit. 


dj) 


using  the  earlier  notation* 

Hinae‘s  treatment  does  not  give  (w®)cr^t  i  which  must  come  frcn 

experiment.  Values  of  u  ,  d  from  the  present  experiments  are  tabulated 

c  c 

below,  together  with  the  computed  values  of  (We)  , 

crit. 


Table  2 


:  t 

»  A 


Liquid 

-  - -  — 

U 

c 

(Ft/Sec.) 

d 

c 

(Microns) 

a 

(Dynes/cm. ) 

p2  1 

(Slugs/ cu.ft. )  j  (We) 

1  crl'« 

x  10“  : 

84.3 

600 

72.75 

- 

25.59 

t 

_ 3._6G__  : 

d.£3  J 

>  , 

109.5 

410 

12. IS 

26.13 

H  h 

157.3 

270 

12. IS 

21.2k 

6 .  GO  > 

| 

I 

* 

t*  It 

238.5 

120 

72.75 

29.1 8 

l 

6.55  | 

5.98  i 

i 

Methyl  Alcohol 

60.0 

625 

22.6 

25.11 

It  W 

84.3 

330 

22.6 

25.59 

6.3L  ! 

»i  » 

109.5 

230 

22.6 

26.13 

7.62  i 

4 

It  » 

157.3 

118 

*  22.6 

27.24 

8.41 

4 

5 


Arithmetic  averages  of  the  above  values  of  (We) 


crit. 


(We)  ..  •  5.1  (for  distilled  water) 

CP*  we 

(We)  ■  7.09  (for  methyl  alcohol). 
Crit* 


give 


<  u 

I 
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where  the  value  for  die  tilled  water  does  not  agree  very  well  with  (’.*e)  , . 

cn  *  « 

“  13*1  reported  by  Hirae  (ref*  14)*  A  least-squares  determination  of  the 
beet  fit  of  the  data  points  leads  to  these  equations  of  break-up: 


u  2d  -  6.21  x  106 
c  c 

u^d  -  2.71  x  106 
c  c 


(for  distilled  water) 
(for  methyl  alcohcl) 


(14) 

'15) 


Equations  (14)  and  (15)  have  been  plotted  in  the  graphs  of  Figs.  48  and 
U9  end  ere  extrapolated  below  100  microns  to  indicate  trends  down  to 
10  micron  diameters. 

Considering  the  role  of  surface  tension  and  density*  Eq.  (13)  pre¬ 
dicts  that*  for  the  same  sise  of  drop*  the  values  of  u  for  water  and 

c 

t«yl  alcohol  should  be  in  the  ratio* 


(u I  distilled 
c  water 

(u  1  mer.hyl 
alcohol 


o  distilled 
water 

O  methyl 
alcohol 


1/2 

-1.7V, 


(16) 


where  the  values  of  surface  tension  are  72.7$  dynes /cm.  for  water  and  22.6 
dynes/cm  for  methyl  alcohol.  That  the  1/2-power  variation  with  surface 
tension  is  not  borne  out  by  the  present  results  is  evident  from  Table  3 
below*.  No  explanation  is  offered  for  this  divergence,  although  it  is 
believed  to  be  real  and  not  merely  experimental  error.  If  the  exponent 
is  1/3  instead  of  1/2  tbe  agreement  ia  better*  since  (72. 75/22. -  1.46. 


Table  3 


(Microns) 

(Ft. /Sec, ) 

^uc^Dist.  Water 

TulHethyllSIcohol 

c 

Distilled 

Veter 

Methyl 

Alcohol 

600 

83.0 

60.8 

1.365 

■ :  m'  '■  ■ 

T$.$ 

"  ~  "  2020  “ 

m 

- ^ 

.  ,  iCCL 

■x~  •; 

1.544 

— m — 

:  B46 

'"Tig? —  — 

^alttee  VT* «L  Wed  frem  Curves  A  and  8  of  Fig.  4$. 

0.0 


Average:  1.49 


1?. 


The  ».  :  .axt':  i-pr.rccfi  ho.**?  .'ll  low  no  conclusion  «*inu*  '  r.  ini  Iu-t/.o 
c:  a.i.y  vpon  break-up.  bene  test"  reported  by  Ln^.;  '  ref.  12  ) 

suggest  t:iot  viscosity,  exc-.-pt  vry  iorgo  as  in  tnc-  case  of  giyl-erol . 

Merely  acta  to  delay  break- up.  It  seems  clear  that  a  vjantitativo  ir.veitt- 
gabion  of  the  effect  of  viscosity  is  needed.  The  values  tabulated  m  hand 
bocks  shew  tha-  it  is  possible  to  select  liquids  which  ha/e  nearly  the 
same  suide.e  * --no  a  on  but  greatly  different  viscosities.  By  choosing  such 
liquids  the  separate  effects  of  the  two  parameters  nay  be  investigated. 

It  remains  to  consider  the  errors  in  these  experiments.  First* 
there  is  the  error  in  u^.  This  is  directly  related  to  the  errors  in  the 
diaphragm  pressure  ration  in  the  shock  tube  and  the  temperatures  of 
the  air  in  the  two  chambers.  The  accuracy  with  which  the  pressure  p^ 
and  were  determined  such  that  the  ratio,  «  P^/P-|  >  was  known  to 
wild  :n  about  1  per  cent,  which  produces  a  theoretical  error  in  u^  cf 
slightly  less  than  1  per  cent.  The  basic  work  of  verifying  the  shock  tube 
equations  has  aL  ready  been  done  (refs.  15  -  19).  It  appears  that  the 
most  accurate  determinations  of  have  been  made  indirectly  by  measuring 
the  check  speed  w^.  The  results  agree  well  with  theory,  particularly  for 
the  low  pressure  ratios  used  in  this  investigation.  A  maximum  error  of 
*  3  per  cent  m  seems  reasonable. 


The  second  important  error  is  that  associated  wj  tr .  d 


! ion t ion  has 


alr'-udy  been  made,  in  connection  with  the  bar  graph:;  ol  firr..  iit  and  U7V 
ct  the  error  in  determining  d  frern  the  break-up  pnotegraprs.  The  initial 

size  of  a  drop,  as  measured  on  the  first  photograph  of  each  pair,  can  be 

♦ 

determined  with  an  error  of  no  more  than  -  3  per  cent,  and  generally  the 

error  will  be  considerably  smaller.  The  precision  of  determining  d  is 

+  c 
believed  to  be  approximately  -  5  per  cent  of  the  mean  value. 

The  above  discussion  of  errors  has  not  touched  the  question  of  how 
the  sound  field  which  supports  the  drops  may  influence  the  results.  An 
accurate  analysis  has  not  been  possible  because  neither  time  nor  equip¬ 
ment  have  permitted  measurements  of  the  sound  field.  Nevertheless,  seme 
rou#i  estimates  have  been  made  which  are  believed  to  indicate  the  correct 
order  of  magnitude  of  the  effects.  Some  of  the  photographs  (e.g. ,  Fig. 
38)  show  that  the  drops  can  be  flattened  by  the  souna  field.  That  such 
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flattening  car*  be  Bade  very  small  by  proper  adjustment  of  the  sound  genera¬ 
tor  la  attested  by  the  photograchs  of  Ki  p.  3fl.  Deviations  frcm  spherical 
Shape  became  smaller  with  decreasing  drop  diameter  and,  in  fact,  most 
photographs  show  less  than  3  per  cent  difference  between  tne  maximum  and 
minimum  distensions  of  deformed  drops.  The  detailed  structure  of  the 
oould  field  is  not  known  and  its  determination  by  theory  or  experiment 
would  be  a  problem  more  properly  handled  fey  specialists.  Our  expur imr ntt 
have  shown,  however,  that  the  drops  can  bo  rather  easily  blown  out  of 
the  sound  field  by  small  drafts.  This  simple  observation  show  that  one 
drag  force  on  the  drop  in  the  direction  of  u^  is  much  greater  than  the 
horizontal  component  of  the  radiation  pressure  force. 

Since  the  ultrasonic  vibrations  of  the  air  particles  are  i.nproxi- 
mately  at  right  angles  to  Ug,  there  is  a  question  whether  the  maximum 
vibrational  velocities  can,  through  vector  addition  with  Ug,  signific- 
ai'.tl*  change  tne  effect  of  air  pressure  on  the  drop.  A  rough  calcula¬ 
tion,  which  is  believed  to  give  a  generous  value  for  t he  vibrational 
velocity,  is  carried  out  in  Appendix  B.  The  maximum  effect  is  to 
irs-rease  the  root  mean  square  value  of  u  by  about  3  ft. /sec.  This  varia¬ 
tion  is  believed  negligible  compared  with  »  60  ft. /sec. 

Possible  interaction  between  the  shock  wave  and  the  sound  field 
was  anticipated  as  a  second  order  effect.  One  way  in  wh  ch  such  inter¬ 
action  might  manifest  itself  would  be  to  cause  a  warping  of  the  shock 
front.  This  is  an  effect  wh4 ch  one  might  expect  to  be  more  prominent  the 
weaker  the  shock  wave,  and  should  be  detectable  by  a  schlieren  system. 
Time  and  equipment  did  not  permit  us  to  pursue  this  phase. 

The  use  of  the  long  reflector  plug  (see  Fig.  3h)  was  a  necessity  to 
increase  the  strength  of  the  sound  field  so  as  to  hold  the  smallest  and 
largest  water  drops  stably.  Water  drops  in  the  200  -  hOO  micron  range 
were  held  satisfactorily  with  the  short  reflector  plug,  as  were  methyl 
alcohol  drops  of  all  sixes  investigated.  The  extension  of  the  long  plug 
into  the  test  section  will  cause  some  disturbance  to  the  shock  wave  and 
the  flow  behind  it.  Tine  did  not  OUow  the  taking  of  shadowgraph  pictures 
of  this  effect.  Generally,  however,  the  drops  nearest  dc  in  size  were 
arranged  to  be  does  to  the  middle  of  tie  space  bet- -sen  vibrator  and  plug, 
share  the  flow  behind  the  shock  should  be  least  di  turbed.  Certainly,  in 


future  w ark*  means  should  be  founa  to  strengthen  t're  sound  fi^ld  witr.oi; t 
u&ing  the  long  plug. 

lisT-Jy,  there  is  the  influence  of  drop  deformation  'ey  the  sound  field 
or.  break-up.  Consider  tvs  identical  drops  and  suppose  that  one  to  del orr.&a 
(e.g.,  flattened  into  spheroidal  shape,1  while  the  otr.t.r  remains  spherical, 
"h*  yueoticn  r.iisr.d  is  this;  «ill  the  drons  have  appreciably  different 
values  61  crit'-al  velocity  u  ?  An  attempt  is  made  ir.  Appendix  C  to 
estimate  the  <:foct  oi  drop  deformation  on  break-up  by  evaluating  the 
rignt -nar.d  si  do  of  Eq.  tft)  for  a  deformed  drop.  The  drop  aS  assumed  to  be 
an  ellipsoid  of  revolution  about  the  minor  axis.  It  is  shown  that  for 
given  values  of  Pg  and  U£  the  stagnation-point  Weber  number  is  smaller 
thru  ir.  the  case  of  a  spherical  drop  of  the  same  volume.  Although  some 
cf  rur*  photographs  (e.g.,  Fig.  37)  indicate  considerable  flattening  the 
.•v~  ;  or  tty  :  r:  ow  a  ratio  of  maximum  to  minimum  drop  diameter  of  less  t.oan 
i.C<3.  Under  the  assumption  that  the  critical  deber  numbers  are  identical 
for  the  deformed  anl  spherical  drops*  the  critical  velocities  obey  the 
relation? 

(ueW.  ’  °1/2‘“c),ph. 

ar:  a  first  approximation  using  •  constant  and  where  G  is  a  function 
01  the  quivature  at  the  stagnation  point.  For  a  diameter  ratio  of  0.666* 

qI/2 

■  0,9hfl»  and 


(uc’def. 


0-*8  (Vsph. 


U,  Conclusions 

The  following  conclusions  have  been  reached: 

a.  The  critical  or  break-up  curves  for  water  and  methyl  alcohol, 
over  the  100  -  700  micron  range  of  drop  diameters,  are  defined  by  the 
following  empirical  equations: 


«c%  -  6.21  x  106 

u^d  -  2.71  x  106 

c  c 


(distilled  water) 
(methyl  alcohol) 


Plotting  the  experimental  points  on  log-log  paper  resulted  in  a  straight 


line  for  both  the  water  data  and  methyl  alcohol  data.  The  resulting 


equations  are 


and 


”c  dc 


u1-706  «. 


-  It.61  x  10® 
•  6.65  x  10® 


(distilled  water) 


(methyl  alcohol) 


b.  Break-up  of  a  drop  by  the  formation  of  a  bag  occurs  in  the  tram 
lent  flow  behind  the  shock  wave.  This  conclusion  is  at  variance  with  that 
of  Lane  who  states  that  big  formation  does  not  take  place  in  transient  air 
flows.  It  is  shown  that  the  mode  of  break-up  limited  by  Lane  to  the  tram- 
lent  case  actually  takes  place  when  the  blast  velocity  exceeds  the  critical 
value  by  an  anprec table  amount. 

c.  Tne  mere  passage  of  a  drqa  through  a  norn.al  3hock  wave>  cr  a 
normal  shock  running  over  a  drop,  will  not  of  itself  cause  break-up.  It 
Is  the  relative  velocity  between  drop  and  air  on  the  high-density  side 
of  the  shock  wave  which,  if  sustained  long  enough,  will  shatter  drops 
above  critical  size. 

d.  Some  of  the  present  photographs  shew  considerable  surface  detail 
In  the  structure  of  the  bag.  A  pattern  of  concentric  rings  surrounding  a 
central  point  suggests  that  Initial  rupture  of  the  bag  r.ay  occur  at  such 
regions.  Moreover,  a  bag  can  rupture  under  the  effect  of  several  such 
openings  developing  simultaneously, 

e.  Based  on  work  with  water  and  methyl  alcohol  >  the  dependence  of 

u  (assuming  constant  drop  diameter)  on  surface  tension  is  approximately 
u^oc  This  is  to  be  contrasted  with  the  l/2-power  variation  found 

by  Lane.  Tha  present  investigation  is  not  complete  enough  to  refute  his 
results.  FVirther  study  of  the  effect  of  surface  tension  for  drops  below 
$00  microns  should  be  carried  out, 

f.  Ac  conclusions  regarding  tha  effect  of  drop  viscosity  are 
possible  from  these  results,  there  remains  a  complete  lack  of  quantita¬ 
tive  experimental  data  on  this  important  point.  Further  work  should  be 
attempted  to  fill  this  gap  in  wet  knowledge. 

g.  The  application  of  ultrasonic  radiation  pressure  to  holding 


•  twiiid  dr*-;:--:  -i  shock  t  udf.  r«aa  been  cifcir'<r..>tratod.  Vi.**  :  oct  c.i 

>  cut  id  fv-.u  cp  the*  hr**ak  u;>  result-  ap.v-.v-.  to  be  r< >-  -- 
method  v  ,;ot  i  •  ■■•tr.ictvd  t.o  iiqui-;  drops .  set,  car.  for.',  -•  •-•ubly  v-  . 
with  proper  opi.ic.il  ir.:.;  i  i-.v-nutior.,  to  study  thf-  flow  arour.a  -Ou.  , 
-olid  spheres  ax.d  otr.tr  -  napoo . 

h-  The  pr.  .:r.t  apparatus  can  be  used  to  Detain  aoproxir.at*  dra  • 
toeii  icicr.tt  a:  d*,l' or  mod  drops  up  to  the  co^nt  of  rupture,  b-op  tra„e- 
cry  calculations  seer,  often  in  the  literature  make  use  of  values  of 
based  on  wind  tunnel  tests  of  solid  spheres  or  discs.  It  is  pccciole 
better  values  could  come  from  shock  tube  tostSj  although  little  has  ho 
done  here  to  establish  the  accuracy  of  the  method. 
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APPENDIX  A 


tfhockj'yhe  Pic;*  -  rp  ar  l  on*? 

The  development  of  tLe  shock  tub;  flew  equations  has  be^n  covered 
quite  ccTpIetely  m  Reference  1?  and  will  net  be  repeated  hare,  it  vas 


found t  newever,  that  the  available  curves  could  not  be  read  accurately 
for  the  low  pressure  ratios  used  in  this  work.  Accordingly  new  curves 
were  calculated  and  plotted  to  cover  the  appropriate  rang*.  The  quantities 
of  interest  are  the  following;  shock  wave  speed  w^,  air  velocity  u^  behind 
the  shock  wave,  pressure  ratio  across  the  shock  wave  pressure  ratio 

across  the  diaphragm  P^,  arid  air  density  behind  the  shock  *ave.  (See 
shock  tube  states  in  Fig.  2U. ) 

The  equations  for  relating  the  initial  pressure  ratio  acrosr  the 
diaphragm  to  the  other  quantities  mentioned  are  the  followings 


[ 


1 


-1) 


(19) 


Y1  N^i!',®l"?21+1^ 


(20) 


Where 


[Wa"1]  1/2 

A  *  °1P21 


r  -  l 

h  “  \  "  — ?r^~ 


(21) 

(22) 


Velocity  of  sound  in  Region  I 


a,  n 


C 


? 


Specific  heat  at,  constant  pressure 

Sj  ific  heat  at  constant  volume 

/  »' 


Cm:., ice*  i;.g  air  on  both  sides  of  the  diaphragm,  the  f  ollowing 
values  aupl.y 

•1 

at  »  5.95  -  2.377  v  '  Slugs/Cu.Ft* 

-  ?!  -  O.lUli  L1U  -  1 

Y  -  Y,  -  1.U0U  T  =  T  3°C 

Xu  It 

To  find  i  dimensional  quantities ,  Pj,  ,  r7 21,  and  as  functions 

of  t.ie  ..ter  was  varied  m  increments  of  0.1.  The  results  have  been 

plotted  in  Figures  50  and  51.  These  curves  were  used  to  determine  the 
actual  flow  parameters  for  the  conditions  prevailing  in  the  present  3hock 
tube  work. 
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.  4  .  ANT)  77 pHA  t03  DESIGN 

1.  Ac  our;  r.  Radi  alien  Pressure 

The  force  on  a  sphere  arrji  ng  from  the  aeon '-lie  x-a.ija.tion  pressure 
of  a  sound  field  has  been  worked  out  theoretically  by  King  (ref,  ?3.J,  who 
considered  the  cases  of  plane  progressive  and  stationary  waves.  For 
the  latter  case.,  which  is  approximately  anplicable  to  the  present  situation* 
King  found  that  the  time-average  of  the  force  on  a  sphere  of  radius  a  is. 

P  -  lin  (a^/x)  sin  (hn  ~)  .  F  (p^/p^)  .  E  (23 


where 


X  -  wavelength  of  sound  in  air 
z  -  distance  normal  to  wave-fren 


f(Pi/pl) 


1  ♦  2/3  U  -  P1/PL) 

**VPL 


Pl  -  density  of  air 

PL  -  density  of  sphere  (or  drop) 

£  «  enargy  density  of  sound  field. 


The  energy  density  E  may  be  found  from  the  relation. 


E 


Ol<2«  <  o’2 

"  2 


2"^  f2 


2 

o 


(21*. 


where  f  is  the  frequency  of  the  sound  and  £  is  the  displacement  amplitude 

•  c 

of  the  air  particles. 

Far  the  two  liquids  used  in  the  present  work,  the  density  ratios  are 
the  followings 

Water  Methyl  Alcohol 

pl/pL  “  °*00123  P}/PL  *  °*00i52 

These  values  show  that  the  condition  p^/pL <*<  1,  is  adequately  met,  so 
that  the  density  function  is  closely  F(pl/pL)  «•  5/6,  reducing  Eq.  (23)  to 


P  - 


(a^/x)  sin  (Un  2/X)  •  2 


(25) 


JUG 


fiuaticn  been  verified  experimental  ly  in  seme  rev-nt  work  by 

Rudnick  !.•<:„  2u). 

Sir,",''  ?!>■*  purpose  o'  ihc  calculat j  onu  w.-ach  follow  is  to  illustrate 
in  a  qualitative  way  oho  order  of  magnitude  of  the  radiation  pressure 
force  on  drops*  it  will  be  satisfactory  to  assure  a  value  for  ('  .  X.4-- 


w  or  a  of  s  w<t  o  b 


(refs.  25  o  26)  r~nortc  values  of 


10  ke.  A  vii'ie 


«  2o  microns  at  f 


dr 


y  kC  • 


>0  microns  a* 


O.vto  cm. /  will  be 


assured  for  uhe  present  calculations  cf  a  and  P.  Using  p-,  -  1,228  x  *0  ' 
gm/cu.  cm.  (2.38  x  10  slug/cu.  ft.)  and  the  values  of  f  and  f  just 
mentioned,  cq,  (24)  gives  2  »  37?  ergs/cu.cm.  This  value  of  £  applied  to 
a  1000  micron  drop  (a  -  500  microns)  reduces  Eq»  (25)  to 


^  ->  2.24  sin  (4n  2/x) 


\£0) 


which,  along  with  the  displacement  has  been  plotted  as  a  function  of 
z  in  Fig.  52.  It  can  be  seen  there  that  P  varies  sinusoidally  at  a  fre¬ 
quency  twice  that  of  $  .  In  the  arranger.ert  to  jupport  drops  against 
gravity  there  are  evidently  1/8-wave  length  intervals  along  the  z  axis 
wherein  it  is  possible  for  a  drop  to  rest  in  stable  e  quilibnum. 

The  exact  position  at  which  a  drop  will  rest  stably  may  oe  found 
by  equating  P  tc  the  weight  of  the  drop.  That  is 


?  »  j -  (n  a? /\)  E  sin  (4nzc/x) 


mg 


j  na  sLe  » 


where  m  is  the  mass  of  drop  and  g  the  acceleration  of  gravity.  The  pre¬ 
ceding  equation  leads  to 

z  PT  gX 


sin  (4nzo/X) 


Krr 


which  can  be  solved  for  zQ  to  give 


z_  -  (X/4n)  sin  "1  (2pLgX) 

°  TnT - 

Considering  water  drops  (pT  ■  1.00  gm/cu, cm, )  ana  a  frequency  of  50 
Ke  (>  -  0,6?5  cm),  Eq,  (27)  becomes 


(27) 


o 


*0  -  0.0553  sin"1  (86.7/2 


(28) 


hi 


Exaioinatlon  of  Fig.  $2  shows  -hat  the  positions  of  stable  drop 
support  are  specified  br  the  relation 

s  -  (2n  ♦  1)  -  *0  (29) 

where  n  *  0,  1.  2,  ...»  and  is  given  by  Eq.  (28),  where  the  range  of 

>0  Is  0  4  s0~  V8.  A  plot  of  zQ  vs.  £,  as  calculated  from  E q.  (28),  is 
shown  in  Pig.  53.  It  is  worth  noting  that  zQ  la  independent  of  drop  diameter 
within  the  general  limitation  of  King's  theory  that  (2na/x) «  1.  This  does 
not  mean  that  stable  support  of  drops  Is  impossible  under  other  conditions. 

In  fact,  the  largest  drop  in  Pig.  32(a)  has  a  radius  a  -  0.15  cm,  leading 
j  to  (2wa/X)  -  l.U  .  However,  the  quantitative  use  of  King's  theory  is 

not  valid  far  drops  so  large. 

Two  typical  drops  are  shown  in  Fig.  52.  The  value  of  E  is  that 
calculated  for  50  Kc.  and  f  0m  25  microns.  If  the  sound  energy  were 
decreased,  the  drops  would  fall  to  lower  positions  until  zq  -  x/8,  which  is 
actually  an  unstable  position  corresponding  to  *  *  86.7  ergs/cu.cm. 

2.  Vibrator  Design 

As  mentioned  earlier,  the  barium  titanate  cylinders  have  three  modes 
of  vibrations:  radial,  thickness,  and  lengthwise  (i.e.,  along  the  axis  of 
the  cylinder).  It  was  found  that  the  radial  mode,  which  occurs  at  f  -  30  Kc 
for  the  cylinder  in  quest!  m,  would  rather  quickly  break  the  cement  bond* 
between  the  cylinder  and  the  dural  diaphragm.  The  thickness  mode  is 
excited  at  much  higher  frequencies  around  530  Kc,  and  it  would  be  difficult 
to  couple  energy  into  the  diaphragm  with  this  mode. 

Lengthwise  expansion  and  contraction  was  found  to  excite  the  dural 
diaphragm  to  circular  modes  of  vibration  of  sufficient  amplitude  to  support 
drops  in  the  manner  already  described.  The  problem  of  matching  the  funda¬ 
mental  or  some  harronic  frequency  of  the  diaphragm  to  the  driving  fre¬ 
quency  of  the  barium  titanate  cylinder  is,  of  course,  basic  to  obtaining 
optimum  sound  output. 

•i  number  oT'adhesives  were  tried  with  varying  success.  The  one  finally 
adopted  is  an  epoxy  resin  called  "A -6"  by  its  manufacturer,  Armstrong 
Product*  Co.,  Warsaw,  Indiana. 
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where 


i'  *  i.  und omental  frequency 

*  first  harmonic  frequency 

a  *■■  .bo? 

o 

g.  «  1.626 

h  »  thickness  of  disc,  inches 
y  -  radius  cf  disc  r.:e.*  sured  from  ceutc-r  of  inner 
s'. ampin, q  cage,  inches 

E  -  Modulus  of  elasticity,  lbs.  (F)/sq.  in. 
r.  -  density,  lb.  (M)/  cu,  in. 

..  -  Pearson ‘s  ratio 

Considv-ing  2b.  S  I  dural  (E  -  10.5  x  10°  lbs.  tF)/  so,  in.,  a  » 

0  355,  o  "  100  lb.  »M)/tu.  in.)  and  a  cylinder  for  which  r  -  0.812  inch, 

la.  (30)  gives 

s'  -  4  ...!}  X  llA,. 


q  -  59.6  x.  io-\ 

Letting  and  f,  equal  50  Kc  in  Eqs.  (31)  and  (32)  and  solving  for  the 
thickiv  stes  results  m  hQ  *  0.328-inch  and  •  O.Ofiij-inch. 
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The  thicknesses  Just  Mentioned  neglect  any  lending  effect  of  the 
diaphragm  on  the  frequency  of  t  he  cylinder*  Although  onr  search  of  the 
literature  on  this  effect  was  not  exhaustive,  it  does  not  appear  to  have 
been  analysed  In  e  Manner  producing  useful  design  formulas.  In  view  of 
thia  situation  it  van  surmised  that  an  experimental  determination  of  the 
optimum  thickness  could  be  made  by  cementing  an  overly  thick  diaphragm 
to  the  cylinder  and  then  cutting  it  down  in  small  increments.  Such  a 
procedure  w»i  actually  tried,  but  it  did  not  produce  consistent  results. 

In  the  case  of  one  cylinder  it  developed  internal  cracks  caused  by  1 athc 
Machining,  while  in  other  cases  the  adhesive  bond  between  diaphragm  and 
Cylinder  !.f  came  faulty.  It  is  possible  that  future  imnrovement  in  the 
binding  will  nake  the  method  successful. 

As  a  result  of  tujts  with  a  number  of  cylinders,  each  having  a  some¬ 
what  different  diaphragm  thickness,  two  values  of  thickness,  namely, 
0.006-inch  and  C«125-ioch  ,  were  found  best  from  the  standooint  of  holding 
drops.  The  calculated  disc  frequencies  f0  corresponding  to  these  thick¬ 
nesses  are  51.2  <c  and  7U.5  Kc,  respectively. 

St.  Cxair  (ref.  36)  has  described  a  different  type  of  sound  genera¬ 
tor  working  in  the  10  -  30  Kc  range.  The  arrangement  is  essentially  that 
at  a  dynamic  loudspeaker  in  which  the  usual  voice  coil  has  been  replaced 
by  a  free-free  bar  of  circular  cross-section.  The  bar  has  a  machined 
driving  ring  which  extends  into  the  flux  geo  of  the  magnet  structure, 
the  letter  having  been  modified  by  the  addition  of  an  exciting  coil. 

Power  fed  into  the  exciting  coil  induces  a  sinusoidal  current  in  the  driv¬ 
ing  ring  which  excites  longitudinal  vibrations  in  the  bar.  The  sound 
fields  produced  by  this  generator  are  reported  by  St.  Clair  to  be  strong 
enough  to  support  lead  shot* 

We  have  made  sons  Upts  on  a  20  Kc  vibrator  patterned  after  St. 
Clair's  design*  The  performance  was  not  nearly  as  satisfactory  as  the 
vibrator  using  the  barium  titanate  cylinder.  However,  this  may  arise 
fresi  ((efficiencies  in  our  design  and  does  not  necessarily  e«ean  that  the 
St*  Clair  generator  is  basically  unsuited  for  the  present  application. 
There  appear  to  bo  two  Important  differences  in  our  versions  of  the  two 
types  of  vibrators,  namely,  frequency  and  the  radiation  pattern.  At  the 


present  time  we  are  not  prepared  to  analyze  these  factors  adequately. 

3 •  2ffc»ot  of  Sound  Field  on  u 

Consider  the  idealized  case  where  the  uniform  flow  behind  the  shock 
wave  interacts  with  a  plane  stationary  sound  field.  The  displacement  of 
air  particles  by  the  sound  waves  can  be  written 

f*  f0  s in  (2jiz/a)  sin  (2na1  t/X)  (33) 

At  a  particular  point  zQ  the  amplitude  factor  is  £flsin  (2ji  z ^/X) ,  and 
for  large  energy  densities  a  drop  will  be  held  very  close  to  a  displace¬ 
ment  loop  (maximum  £  )  where  sin  (2n  z^/X)  •  1.  Then 

f  -  fQ  sin  (2n  a-^  t/X)  (3 h) 

*'■ 

and  the  velocity  induced  by  the  sound  will  be 

ufl  ■  f  -  ^Q(2nf )  cos  (2n  t/X)  (35) 

Inasmuch  as  the  Weber  number  has  been  taken  as  a  criterion  for  break¬ 
up  it  is  of  interest  to  find  the  square  of  the  total  velocity  u  of  the 
air  relative  to  a  drop  fixed  at  zQ.  Vector  addition  of  the  steady  and 
fluctuating  velocity  components  leads  to 

u2  ■  Ug  ♦  us2  -  u22  ♦  (2nf  f Q)2  cos2  (2nft)  .  (36) 

Granting  that  the  dynaric  pressure  acting  for  a  certain  time*  leads 

2 

to  break-up,  it  is  of  interest  to  calculate  the  average  value  of  u  , 
namely, 


u  «  ♦  (iin2f^|?  ^ )  cos2  (2nf  t ). 


(3?) 


*For  the  drop  sizes  investigated,  this  time  is  considerably  greater  than 
one  period  T  of  the  sound.  The  present  example  tdce3  f  «•  50  Kc,  for 
which  T  •*  20  microseconds. 


U5 


The  Standard  definition  of  a  t la e-average, 
(  )  *  If  ^  (  )  dt  , 


applied  to  8q.  (37)  loads  to 


-2  1 
u  -j 


J  tij2  dt  + 


i  2*2  f  2 

Un  f  So 


cos  (2nft)  dt. 


Integrating  Sq.  (38),  and  noting  that  U2  “  constant  for  a  given  value 

of  pia»  *iT#* 

J  2  2  2  2 

“  -  «2  ♦  2*V  joz  . 

When  f  ■  $0  Kc  and  f  -25  nicrons  (0.821  x  10~^ft.)  Eq.  (39) 
boc pass  limply 

.2  2 

u  •  «2  ♦  332 

or,  in  taros  of  the  root  nean  square, 

u^  -  (u2)V2  .  ^2  +  332)1/2  # 

The  following  table  illustrates  the  relative  magnitudes  of  u _  and  iu. 

rms  c 

Table  5 


"2 

(ft. /sec.) 

60 

62.7 

84.3 

86.3 

157.3 

158.2 

238.5 

239.0 

X»  view  of  the 
that  tits  values  tabs! 


assumption  made  for  the  sound  field,  it  is  believed 
a  tad  shove  overestimate  urJaj.  In  any  case,  these 


u6 


v«Iue3  would  apply  only  during  the  short  time  after  the  passage  of  the 
shock  wave  that  the  drop  is  near  the  axis  of  the  sound  field,  axperience 
with  the  drop  holder  indicates  that  roughly  2  mm.  or  more  from  the  axis 
it  is  no  longer  possible  to  support  drops.  A  drop  whose  critical  velocity 
is  60  ft, /sec.,  for  example,  will  move  about  10  mm.  before  breaking. 
Consequently  it  seems  probable  that  most  of  the  time  that  a  drop  is  de¬ 
forming  it  will  be  acted  upon  by  essentially  U£>  the  contribution  of  u 
being  negligible. 


If  It  It  assumed,  did  Hi  rasa,  that  break-up  is  determined  by 
ths  Weber  number  At  the  stagnation  point,  tmn  the  effect  of  def intuition 
»*y  be  calculated  fre®  £q,  (8)  end  the  definition  of  rf«b@r  number.  thus, 
if  esd  ere  the  principal  radii  of  curvature  at  the  stagnation  paint 
on  a  def  mrm>4  drop. 


2  p#- 


yu 


/I  1  S 

*K,  *  V 


2) 


this  relation,  with  £q,  (11),  gives  the  ratio. 


(We) 


sph. 


(We) 


def. 


(1*3) 


where  ft  is  the  radius  of  &  spherical  drop  volume  equal  to  that  of  the 
deformed  drop.  When  no  deformation  is  present,  ft,  *  ^  »  ft,  and  Eq,  (1*3) 

reduces  to  unity. 

Under  the  present  maxaep*  ion  a  deformed  drop  will  break  up  if  its 
stagnation-point  Weber  number  equals  the  critical  Weber  number  for  a 
spherical  drop  of  equal  volume.  That  is 


» 


which  implies 


(p?u 1 ) ,  »  (p-u  '' '  V 

_ £o  dgf.  „  2  c  sph,  c 

<7  71  7T“  x  <7 

7‘R1  V 


Equation  (1*3)  can  be  rewritten 


(p2  c  def,  _  0 

- T -  Q| 

Vp2ttc  }.ph. 


( u3 ) 


V  Ui+  J 


where  the  career  .re  function  G  is  defined  as 


i  1 

i  -  -2-  (s  *  i  ) 


\  S2 


Actually  p  is  a  t  unction  of  u  t  but  res  a  first  approximation  let 

(pcW  ‘  Vsph.  ‘r,'n  frOT  «*>» 

(vi  •*  G^' ^  (u  ) 

;  c  sph«> 


tM*  of  (u  )  from  Lq.  (U6)  and  the  shock  tube  curves  in 

c  def.  /,  \ 


Appendix  A.  a  corresponding  value  (pc)  def.  can  be  found.  A  second 
appr^xi. ...  .u  )  can  then  be  calculated  from  Eq.  (UU)>  where 


2  ux 

■  c.  ydef  t 
p2Uc  ^sph. 


-  G, 


from  wmch 


ru  U)v 
'  c  'def. 


-G1/2 


(p2^ph. 

— 07“ 

(p2  def. 


(u  )  . 

c  sph. 


The  nature  of  the  calculation  probably  does  rot  warrant  higher  approxima¬ 
tion  than  the  first,  n3  a  later  example  will  show. 

In  order  to  obtain  numerical  values  for  the  function  G  it  is 
necessary  to  make  .some  assumptions  regarding  the  shape  of  the  deformed 
drop.  The  vertical  drop  profiles  of  Fig.  37  are  approximately  elliptical, 
and  visual  observation  from  above  the  drops  showed  them  t  o  be  closely 
circular  in  the  horisontal  plane.  Accordingly  the  assumed  drop  surface 
will  be  that  of  an  oblate  spheroid  defined  by  the  equation 


-  .  -®i  «.  .  .-v  .r-  "*r,  f  »  ,  %/ j  ■;  .  .  '  .  .  j  -*>  : 

epwerds  along  the  axis  of  the  suspended  ir::ps.  L*?t  K.  :-  radius  xf 

curvature  in  the  sf  y»»plan'  and  fL>  that  if.  the  x ,  * -pi  The  trace  of 

^  ^  ^ 

!>$»  <mrfae®  in  thi  xs  y-pl&n®  i*  the  circle,  x  ♦  y“  *  a  ,  so  S-  *  a.  In 

A 

tb#  x,  t«plme  the  trace  is  the  ellipse. 
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1  * 


whose  radius  of  curvature  at  the  stagnation  point  {  x  »  *a,  y  *  o,  2  *  0) 
la  ^  -  b2/a,  Substituting  the  values  f«r  R  end  Rg  In  Eq*  U5)  gives 


0 


r~ 


M  «.  * 

%  *•  ^  **“■*-» 


b 


US) 


as  the  curvature  function, 

.  2 

The  volume  of  the  oblate  spheroid  is  4/3  nab  and  must  equal  th* 

■>  * 

■  tfelww  of  a  sphere  of  radius  R  »  which  leads  to  the  condition  a“b  *  R._' 

C  0 

Making  use  of  this,  Eq,  (48)  can  be  written 

*66 

„  Hc  +  * 
a  •  — - — 

2aR/ 


(49 ) 


2  .  2 

In  term  of  the  eccentricity  s£  the  ellipse,  e  -  1  -  (b/a)  ,  Eq.  (49) 

bee  ones 


(50) 


Th*  graph  of  Eq,  (50)  has  been  plotted  as  Curve  A  in  Fig.  54. 

For  the  i.ase  when  the  long  axis  of  the  oblate  spheroid  crop  is 

2 

normal  to  the  air  flow,  ■  a  /b.  The  equation  for  G  becooes 

i 

0  -  H  4/ak  , 

C 


(51) 


or  in  terms  of  eccentricity, 
0  -U  -  *2)  2/3 


,52  / 


50 


A  plot  of  .--a.  o'  >  is  shown  ns  Curve  B  in  Jo >u. 

-.«*  u  ...  o-.ocal  example  to  illustrate  tho  m'«.?nitfctie  involved,  assume 
a  va  tut: 'a  or  cr  *uuat*  icity  or  e  -  C.50.  This  corresponds  to  b/u  *  0.866, 
wimh  J.3  actually  a;r,«aler  than  that  observed  on  the  drops  used  in  the 
data  of  !  i  c.  U5,  lift,  Mid  U9.  From  Curve  A  of  Kip.  5U,  0  r  0.898  when 
e  -  u»i>0,  and  G  /*‘*  t;.9Ji8,  Consequently  HJq.  (U6)  predicts  that 


“•**  (oe)5pl, 


* 


or  .  jui.  /  m.-r  cent  decrease  in  critical  velocity  flue  to  the  assumed 

deforms.' :  - 


t,v  uraphs  of  Far.  37  ia)  show  that  large  drops  (much  larger 

than  cr  ’-ral  aiie/  under  certain  conditions  of  tho  sound  field,  can 
be  *-4,.  d<  f  <r..icd.  fi.e  lowest  <: rep,  for  example,  rives  a  measured 

ratio,  i>/:\  •  0.6,  for  which  e  ■  0.80.  In  this  case  G  ■  0.625,  and 

,•  ■  0.791  (u  )  , 

C  del  .  C  SjVi. 


ftjo»:t  .4  tO  ner  cent  decrease  in  u  caused  by  deformution. 
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